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Mudanças globais estão modificando o funcionamento de diversos processos ecossistêmicos 
essenciais. Saber como a estabilidade ecológica responde às diferentes perturbações causadas 
pelo impacto antrópico tornou-se uma questão de enorme relevância. O aumento gradativo da 
temperatura ao longo das últimas décadas oferece sérios riscos à biodiversidade. As taxas de 
extinção de espécies têm se tornado cada vez maiores. Esta perda não ocorre aleatoriamente, 
tal que a perda de predadores tem ocorrido a ritmos mais preocupantes, visto que predadores 
de topo parecem ser mais sensíveis às variações ambientais e geralmente possuem populações 
menores. Perda de predadores pode mudar cascatas tróficas e comprometer a estabilidade de 
teias alimentares, especialmente em cenários distintos de mudanças climáticas. Nós 
investigamos nesta dissertação quais os papeis isolados e interativos do aquecimento do clima 
e perda de predadores de topo na estabilidade temporal de comunidades ecológicas sob 
diferentes níveis de organização ecológica, utilizando como modelo de estudo as 
comunidades microbianas presentes em fitotelmatas de bromélias tanque. Os resultados 
indicam que estes fatores de mudanças globais podem influenciar a estabilidade temporal da 
comunidade via efeitos diretos e indiretos na densidade e diversidade microbiana, mediados 
pela liberação de mesopredadores (Culicidae) do controle top-down. O sistema respondeu 
mais intensamente ao efeito dos predadores de topo do que ao aquecimento, e não respondeu 
a efeitos interativos entre eles. Além disso, diferentes níveis de organização ecológica 
responderam a diferentes atributos de mesopredadores: enquanto maior abundância de 
culicídeos reduziu diversidade e estabilidade no nível da comunidade, o aumento da riqueza 
de culicídeos diminuiu tais propriedades em níveis tróficos individuais. Por fim, os efeitos em 
cascata da liberação de mesopredadores enfraqueceram mecanismos ecológicos que 
promovem estabilidade, como efeito portfólio e assincronia, indicando potencial diminuição 
da assimetria nas respostas das espécies a variações ambientais e bióticas. Este estudo 
apresenta novas perspectivas para o entendimento das relações entre diversidade e 
estabilidade, destacando que predadores de topo e cascatas tróficas podem ser fatores 
determinantes tão ou mais importantes que o clima para a manutenção da estabilidade 
ecológica. 
Palavras chave: estabilidade da comunidade, mudanças climáticas, perda de predador, 





Global changes are modifying the functioning of several essential ecosystem processes. 
Knowing how ecological stability responds to the different disturbances caused by the 
anthropic impact has become an issue of enormous relevance. The gradual increase of 
temperature over the last decades poses serious risks to biodiversity. Species extinction rates 
have become even larger. This loss does not occur randomically, such that predator loss has 
occurred at more disturbing rates, since top predators appear to be more sensitive to 
environmental variations and usually have small populations. Predator loss may change 
trophic cascades and compromise the food web stability, especially in distinct climate change 
scenarios. We investigated in this dissertation the isolated and interactive roles of climate 
warming and top predator loss in the temporal stability of ecological communities under 
different levels of ecological organization, using as a study model the microbial communities 
present in phytotelmatas of tank bromeliads. The results indicate that these global change 
drivers can influence the temporal stability of the community through direct and indirect 
effects on microbial density and diversity, mediated by releasing of mesopredators (Culicidae) 
from the top-down control. The system responded more intensely to the effect of top predators 
than to warming, and did not respond to interactive effects between them. In addition, 
different ecological organization levels responded to different attributes of mesopredators: 
while greater culicid abundance reduced diversity and stability at community level, increased 
culicid richness decreased such properties at individual trophic levels. Finally, cascading 
effects of mesopredator release weakened ecological mechanisms that promote stability, like 
portfolio effect and asynchrony, indicating potential decreasing of asymmetry on the species 
responses to environmental and biotic variations. This study shows new perspectives to 
understanding the diversity-stability relationship, highlighting that top predators and trophic 
cascades can be determinant factors as or more important than climate for maintaining 
ecological stability. 
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A estabilidade de comunidades sob a perspectiva das mudanças globais recentes  
Nas últimas décadas, a Ecologia tem dado cada vez mais atenção à forma como o 
ser humano influencia os padrões e mecanismos ecológicos determinantes para a estruturação 
da biodiversidade (Levin et al. 2009). Essa problemática vem sendo construída desde o século 
XIX, quando as alterações globais foram ganhando maior atenção. Impactos substanciais em 
sistemas naturais cresceram indiscriminadamente desde a Revolução Industrial, com o uso 
crescente de combustíveis fósseis (Steffen et al. 2011). Logo após, o enorme crescimento 
populacional a partir da década de 50 e o avanço na tecnologia (principalmente da produção 
de alimentos e energia) promoveram uma profunda alteração no uso dos recursos naturais 
(Steffen et al. 2011). Essas alterações antropogênicas levaram à redução dos ecossistemas, 
decréscimo ou mesmo extinção de diversas espécies ao redor do mundo e mudanças 
climáticas (Pereira et al. 2010; Steffen et al. 2011; Haddad et al. 2015). Os efeitos drásticos 
das atividades humanas na biodiversidade e ecossistemas têm provocado impactos tão severos 
que podem estar ultrapassando, e de forma irreversível, os limites sustentáveis de modificação 
dos componentes da biosfera (Rockstrom et al. 2009). Dessa maneira, predizer com maior 
exatidão como esses fatores se manifestarão nos próximos anos tem uma importância 
fundamental para a escolha de políticas internacionais adequadas e que visam à preservação 
de características e propriedades dos ecossistemas atuais e de seus serviços ao bem-estar 
humano (Hooper et al. 2005; Naeem et al. 2009).  
Em Ecologia, um dos grandes focos de estudo é a mensuração da estabilidade 
ecológica, um conceito multidimensional que busca resumir os diferentes atributos da 
dinâmica de um sistema e potenciais respostas do mesmo a diferentes perturbações (Donohue 
et al. 2016). Todas estas modificações nos ecossistemas descritas anteriormente promovem 
um sério risco à estabilidade e manutenção das dinâmicas das populações e de funções 
ecossistêmicas essenciais (Pimm 1984; Tilman et al. 2014; Hautier et al. 2015), mas a 
compreensão de como diversidade mantém a estabilidade de ecossistemas ainda permanece 
sobre intenso debate (McCann 2000).  
A relação entre biodiversidade e estabilidade  
Assim como sistemas estão expostos a diferentes tipos de distúrbios, cada tipo de 
resposta de um sistema a uma perturbação engloba uma dimensão particular da estabilidade 
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ecológica (Donohue et al. 2016). Dentre os mais comumente usados, estão: I) estabilidade 
temporal, referente ao inverso da variabilidade temporal, definida como o coeficiente de 
variação estatístico; II) resistência, que representa a razão entre medidas de uma variável 
antes e depois de um distúrbio; III) resiliência, que comporta tanto a definição genérica do 
tempo de retorno de uma variável ao ponto de equilíbrio quanto a definição de Holling (1973) 
de habilidade do sistema em absorver distúrbios e manter as mesmas propriedades; e IV) 
persistência, uma medida do intervalo de tempo no qual um sistema se mantém com as 
mesmas características até mudar, onde tais mudanças geralmente estão associadas a invasão 
de espécies exóticas ou a perda de espécies nativas (Pimm 1984; Donohue et al. 2013; 
Donohue et al. 2016). Ecólogos têm procurado entender como diversidade pode promover 
estabilidade há décadas, porém o debate começou a ser levantado especialmente na década de 
50 por Elton (1958) e MacArthur (1955). A partir de observações independentes, ambos 
inferiram que sistemas simplificados (como monoculturas agrícolas, por exemplo) exibiam 
flutuações mais violentas em dinâmicas populacionais quando expostos a variações 
ambientais ou invasões biológicas quando comparados a sistemas com maior riqueza de 
espécies. Entretanto, esta afirmação não foi empiricamente testada até a década de 70, com o 
estudo clássico de May (1972). Através de modelos teóricos utilizando matrizes de 
comunidades geradas aleatoriamente e com diferentes estruturas tróficas, May encontrou uma 
relação negativa entre diversidade e estabilidade. O autor verificou um aumento do número de 
interações entre espécies conforme a riqueza aumentava, gerando oscilações cada vez maiores 
na dinâmica da comunidade como um todo. Isto incitou ainda mais o debate sobre o papel da 
diversidade na estabilidade ecológica, estimulando diversos estudos a explorar cada vez mais 
o efeito da diversidade em comunidades naturais (Yodzis 1981; Tilman et al. 1996; Steiner et 
al. 2005; O’Gorman & Emmerson 2009) e em novas dimensões da estabilidade (Pimm 1984; 
Donohue et al. 2013). 
Sabe-se que a diversidade tem um papel fundamental em influenciar outros 
atributos ecológicos (como a abundância) e interações interespecíficas, enquanto proporciona 
também um forte efeito na manutenção de funções ecossistêmicas (i.e. atividades relacionadas 
ao fluxo de matéria e energia em um sistema, como a decomposição ou a fotossíntese) 
(Tilman 1999; McCann 2000; Hooper et al. 2005; Ives & Carpenter 2007). Atualmente, há 
um consenso na comunidade científica de que a diversidade promove estabilidade temporal 
(em termos de menor variabilidade) de diferentes processos e atribuitos ecossistêmicos, 
atuando como mediadora ou agente modificadora de outras propriedades ecológicas. Por 
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exemplo, estudos experimentais e teóricos realizados por Tilman e colaboradores (1996 e 
2006) indicam que o aumento da riqueza de espécies pode aumentar a estabilidade temporal e 
o funcionamento ecossistêmico a partir de alguns mecanismos centrais, descritos a seguir. 
O overyielding effect aponta que comunidades com maior riqueza de espécies 
costumam ser mais produtivas que as monoculturas das espécies que as compõem, em grande 
parte devido aos efeitos positivos derivados de complementaridade de nicho (i.e. quando 
espécies que compartilham o uso de um mesmo recurso diferem no uso de outros) e 
ocorrência de facilitação (onde o estabelecimento de uma espécie altera condições ambientais 
de forma a favorecer o desenvolvimento de outras) (Cardinale et al. 2007; Tilman et al. 
2014). Com maior produtividade, há um aumento na média da biomassa/abundância da 
comunidade ao longo do tempo, aumentando, por consequência, a estabilidade temporal da 
mesma (Tilman 1999; 2014).  
No caso do “efeito portfolio” (ou statistical averaging), a variação da dinâmica de 
um sistema como um todo tende a ser menor do que a variação das dinâmicas de seus 
componentes individuais (Tilman 1999. Isto é decorrente de um fenômeno estatístico 
relacionado a como a variância escala com a média conforme uma lei potencial. No caso, se a 
razão de escalonamento entre média e variância é maior do que 1, qualquer mudança na 
abundância média de uma espécie reflete em uma variância ainda maior na mesma (Doak et 
al. 1998; Tilman 1999). Nos cenários onde há uma redução da abundância relativa por 
espécie, isso reflete em uma redução ainda maior da variância individual de cada espécie. 
Estes constituem, por exemplo, cenários onde o aumento da riqueza de espécies promove uma 
diminuição da abundância relativa por espécie, mesmo em casos de aumento na produtividade 
geral do sistema (resultantes muitas vezes de interações competitivas ou limitação de 
recursos). No saldo geral, a soma das variâncias individuais das espécies (que representa a 
variância total do sistema) torna-se cada vez menor conforme maior número de espécies, o 
que acarreta por consequência em maior estabilidade temporal (Tilman 1999). Este fenômeno, 
descrito principalmente por modelos teóricos, é frequentemente encontrado em dinâmicas 
populacionais (Schindler et al. 2015), mas seus efeitos na estabilidade temporal a outros 
níveis ecológicos parecem variar entre estudos (Valone & Hoffman 2003; Steiner et al. 2005; 
Tilman et al. 2006).  
O aumento da diversidade também pode proporcionar um acréscimo de 
redundância funcional (i.e. quando sistemas apresentam diferentes espécies que executam 
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uma mesma função ecossistêmica) ao sistema (Naeem 1998). Neste caso, espécies 
funcionalmente redundantes podem exibir diferenças em suas respostas a diferentes 
perturbações ambientais e bióticas. Logo, dada uma forte perturbação, a resposta diferencial 
entre espécies promove compensação da perda de espécies sensíveis por aquelas mais 
resistentes, mantendo níveis de determinados processos ecossistêmicos mais estáveis (Naeem 
1998; Yachi & Loreau 1999; Gonzalez & Loreau 2009). Este mecanismo compensatório 
promovido por uma assincronia nas dinâmicas das espécies influencia significativamente a 
estabilidade temporal da comunidade em diferentes tipos de sistemas (Lehman & Tilman 
2000; Gonzalez & Loreau 2009). 
 Evidências adicionais consideram também a importância da diversidade não 
apenas de espécies, mas de interações em redes tróficas. Por exemplo, McCann e 
colaboradores (1999) propuseram, a partir de modelos teóricos, que a força de interação entre 
espécies tem grande relevância para a estabilidade ecológica. Especificamente, interações 
fortes entre predador-consumidor-recurso geralmente desestabilizavam as dinâmicas 
populacionais. Porém, quando se inseriam interações mais fracas com novos elementos na 
rede, as dinâmicas de forma geral oscilavam cada vez menos. Estes novos elementos 
poderiam ser tanto novas espécies em quaisquer níveis tróficos ou mesmo recursos oriundos 
de forma alóctone no sistema. A principal conclusão deste estudo foi que diferenças na 
proporção de interações fortes e fracas em redes tróficas podem influenciar a estabilidade. Em 
geral, comunidades mais estáveis costumam apresentar maior proporção de interações fracas, 
decorrentes de onivoria ou diferenças na exploração de recursos por consumidores (Neutel et 
al. 2002; Vandermeer 2006; Thebault & Loreau 2005; Kratina et al. 2012). Ao mesmo tempo, 
isto alerta para efeitos negativos da remoção dos componentes de uma rede trófica. Certas 
linhas de estudos evidenciaram que a remoção ou perda de compartimentos tróficos pode 
comprometer a persistência de outras espécies e a estabilidade temporal de forma geral (Jiang 
et al. 2009; O’Gorman & Emmerson 2009). Neste caso, os impactos se tornam ainda mais 
intensos quando a perda ocorre em níveis tróficos superiores, como predadores de topo (Jiang 
et al. 2009). Além disso, mudanças na variabilidade da dinâmica de um consumidor podem 
refletir em aumento da variabilidade nos componentes com os quais ele interage (Mrowicki et 
al. 2016). 
 De maneira geral, independente dos mecanismos operantes, a diversidade parece 
promover estabilidade temporal. Porém, os efeitos da diversidade também podem diferir sob 
algumas circunstâncias. Efeitos da diversidade na estabilidade diferem para diferentes níveis 
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de organização ecológica: enquanto a comunidade ou ecossistema se torna estável sob maior 
diversidade, respostas idiosincráticas ocorrem no nível populacional (Tilman 1996; Valone & 
Hoffman 2003; Jiang et al. 2009). Por outro lado, efeitos da diversidade na estabilidade dos 
diferentes níveis (população, comunidade e ecossistema) podem variar entre sistemas com um 
ou múltiplos níveis tróficos (Jiang & Pu 2009). E por fim, diversidade pode exibir efeitos não 
lineares sob um contexto de estabilidade geral do ecossistema, quando diferentes parâmetros, 
como resistência e variabilidade temporal, diferem quanto as suas relações com a diversidade 
(Pennekamp et al. 2018). Logo, a complexidade inerente na relação entre diversidade-
estabilidade ainda não está completamente bem definida apesar de todos os esforços de 
ecólogos. Entretanto, explorar o papel da diversidade torna-se cada vez mais crucial quando 
consideramos o cenário atual de perda de biodiversidade.  
O panorama global de perda da biodiversidade 
 Dentre os principais problemas gerados pelo impacto antrópico nos ecossistemas, 
a perda da diversidade em diversos tipos de ambiente é considerada um dos mais críticos 
(Rockström et al. 2009). Diversos fatores podem explicar as alterações na biodiversidade, 
como: mudanças climáticas (Sala et al. 2000; Walther et al. 2002; Bellard et al. 2012); 
degradação de habitat (Pereira et al. 2010; Haddad et al. 2015); invasões biológicas (Sala et 
al. 2000; Clavero & García-Berthou 2005); alterações em ciclos biogeoquímicos, e.g., o 
nitrogênio (Sala et al. 2000; Phoenix et al. 2006); uso indevido do solo (Sala et al. 2000; 
Foley et al. 2005); e exploração predatória de diferentes espécies (Rosser & Mainka 2002). 
Apesar do efeito generalizado sobre os ecossistemas, a perda de biodiversidade não ocorre 
aleatoriamente (Sala et al. 2000; Pereira et al. 2010). Determinados táxons e grupos 
específicos de organismos são mais vulneráveis a tais perturbações do que outros. Por 
exemplo, a diversidade de corais escleractíneos, artrópodes, anfíbios, aves e mamíferos tem 
decaído abruptamente nos últimos anos, e cenários apontam uma perda na escala de centenas 
a milhares de espécies para os próximos 100 anos (Barnosky et al. 2011; Dirzo et al. 2014; 
Ceballos et al. 2015). A diversidade de plantas tem sofrido perdas em escala global, em 
contrapartida a aumentos na diversidade em escalas regionais, devido ao aumento de espécies 
invasoras em áreas onde as nativas desaparecem (Sax & Gaines 2003; Ellis et al. 2012). Além 
disso, a extinção de mamíferos tem ocorrido desproporcionalmente, onde espécies de maior 
tamanho corporal estão mais ameaçadas em comparação a espécies de pequeno porte (Dirzo 
et al. 2014).  
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 Um ponto preocupante da perda de diversidade corresponde à redução da 
diversidade vertical, isto é, a perda de diversidade de níveis tróficos e consequente redução da 
cadeia trófica (Duffy et al. 2007). Esta diminuição tem ocorrido principalmente devido a 
maiores taxas de extinção de predadores de topo em relação a níveis tróficos inferiores (Estes 
et al. 2011). Predadores costumam ser mais susceptíveis a variações ambientais e declínios 
abruptos de abundância devido a características como maior tempo de geração, menor 
tamanho populacional, necessidade de grandes áreas de vida, maior tamanho corporal e 
consequente maior custo energético para manutenção metabólica (Brown 2004; Bruno & 
Cardinale 2008; Estes et al. 2011). A perda de predadores de topo provoca impactos 
profundos nos níveis tróficos inferiores ao enfraquecer o controle top-down exercido em 
consumidores intermediários. Isto cria um cenário de “surto de mesopredadores” (i.e., um 
aumento abrupto na abundância e riqueza de consumidores intermediários frente à exclusão 
do predador de topo) que reflete diretamente em redução de níveis tróficos basais (Ritchie & 
Johnson 2009). Além disso, predação exerce um papel fundamental na estrutura de 
comunidades e manutenção de funções ecossistêmicas, especialmente via efeitos em cascata, 
passando pelos níveis tróficos inferiores (Bruno & Cardinale 2008; Estes et al. 2011; 
Antiqueira et al. 2018). Estes efeitos podem ser tanto de consumo e diminuição da densidade 
de presas, quando de não consumo, via alterações comportamentais nas mesmas (Preisser et 
al. 2005; Bruno & Cardinale 2008; Estes et al. 2011). Entre as principais funções 
ecossistêmicas afetadas pela perda de predadores de topo estão a decomposição, ciclagem de 
nutrientes e a produtividade primária (Duffy et al. 2007; Bruno & Cardinale 2008; Estes et al. 
2011; Antiqueira et al. 2018).  
Mudanças climáticas e impactos na biodiversidade 
Além das alterações bióticas diretas (e.g. perda da biodiversidade), mudanças 
climáticas a nível global estão afetando indiretamente múltiplos componentes da 
biodiversidade e dos ecossistemas (Rockström et al. 2009; Bellard et al. 2012). Seja por 
decorrência de ciclos naturais ou atividades antrópicas, têm sido cada vez mais comuns os 
registros de alterações no deslocamento de massas de ar e correntes oceânicas, mudanças nos 
padrões de regimes pluviométricos e um aumento gradual da temperatura média global a 
ritmos alarmantes (IPCC 2014; PBMC 2015). Este aumento da temperatura média global 
pode chegar a um intervalo estimado próximo de 1,7 (em cenários otimistas de baixa emissão 
de CO2) a 4,8ºC (em cenários pessimistas de alta emissão de CO2) em 2100. Além disso, o 
aquecimento do clima não se distribui homogeneamente no planeta (IPCC 2014). Enquanto 
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em grandes latitudes o aumento da temperatura previsto para 2100 pode chegar próximo dos 
9ºC, em regiões tropicais ele se aproxima mais da média global, sendo maior em áreas 
continentais do que nas áreas oceânicas (IPCC 2014). No Brasil, as previsões de aumento da 
temperatura para 2100 variam de 2ºC a 7ºC, sendo os maiores valores em latitudes próximas 
ao Equador. No sudeste brasileiro, este intervalo varia de 2ºC (em cenários otimistas de baixa 
emissão de CO2) a 4ºC (em cenários pessimistas de alta emissão de CO2) (PBMC 2015). 
As mudanças climáticas exercem forte efeito na biodiversidade através de 
impactos nos atributos dos organismos, influenciando padrões fenológicos de plantas e 
animais (como períodos de floração e nidificação), eventos de migração e distribuição 
geográfica das espécies (Walther et al. 2002; Parmesan 2006). O aquecimento do clima pode 
também influenciar a estrutura das comunidades, afetando múltiplos componentes da 
diversidade de espécies. Alguns estudos estimam uma perda de 15 a 37% das espécies para 
diferentes regiões em cenários de aquecimento global previstos para 2050 (Thomas et al. 
2004). Outros estudos reportam maiores riscos de extinção para grupos taxonômicos 
específicos (como aves e insetos, por exemplo) e que diferentes hotspots de biodiversidade 
podem apresentar variações nas taxas de extinção a nível local (Bellard et al. 2012). Além 
disso, o aquecimento do clima pode promover um maior turnover de espécies que por 
consequência diminui a estabilidade composicional (i.e. a variação na riqueza e composição 
de espécies ao longo do tempo ou espaço) de comunidades (Hillebrand et al. 2010; 2012). 
Considerando que níveis tróficos superiores parecem ser mais sensíveis a variações 
ambientais, incluindo a temperatura, o aquecimento pode causar uma extinção diferencial 
entre os níveis tróficos, alterando a diversidade vertical do sistema (Petchey et al. 1999; Voigt 
et al. 2003). Isto acontece possivelmente por conta da influência da temperatura na demanda 
metabólica, que é mais intensa em organismos de maior tamanho corporal (Brown 2004; 
Daufresne et al. 2009). Assim, de maneira geral, o aquecimento favorece o aumento 
proporcional de populações de espécies com menor tamanho corporal (Daufresne et al. 2009). 
O efeito do aquecimento no metabolismo e tamanho dos organismos também pode diferir 
entre ecossistemas, sendo ainda mais intenso em ambientes aquáticos em decorrência da 
menor disponibilidade de O2 dissolvido (Forster et al. 2012). O aquecimento também pode 
afetar as interações tróficas através do efeito nas taxas de consumo das espécies. 
Temperaturas mais elevadas podem reduzir a eficiência energética dos consumidores, o que 
reflete em aumento da força de interação (i.e., taxa de consumo) em curto prazo. Entretanto, 
devido a maior ineficiência energética dos predadores e diminuição gradual da abundância 
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dos mesmos devido à fome, essa força de interação diminui em longo prazo. Isto reflete em 
menores oscilações nas dinâmicas da presa em detrimento dos predadores (Rall et al. 2010; 
Vucic-Pestic et al. 2011). Por fim, o efeito do aquecimento na demanda metabólica, 
diversidade e nas interações tróficas pode influenciar múltiplas funções ecossistêmicas 
(Dossena et al. 2012; Antiqueira et al. 2018). 
A relação diversidade-estabilidade na conjuntura das mudanças globais  
Apesar da relação entre diversidade e estabilidade ser amplamente discutida há 
décadas, o conhecimento sobre como esta relação se manifesta no cenário atual de mudanças 
globais ainda apresenta grandes lacunas, sendo que algumas delas foram parcialmente 
preenchidas apenas recentemente (Hautier et al. 2015; Ma et al. 2017; Pennekamp et al. 2018; 
Pires et al. 2018). Evidencias sugerem que a relação entre diversidade e estabilidade é bem 
vulnerável ao efeito de mudanças climáticas. Pires e colaboradores (2018), em um estudo 
meta-analítico, investigaram o potencial da diversidade em prover estabilidade a comunidades 
expostas a distúrbios climáticos ou não climáticos. Apesar da evidência de que a diversidade é 
um componente importante para a estabilidade, os autores descobriram que a diversidade tem 
um efeito estabilizador mais fraco frente a distúrbios climáticos do que a não climáticos. Este 
padrão é encontrado para diferentes dimensões da estabilidade, como a estabilidade temporal 
(Hautier et al. 2015; Ma et al. 2017) e a resistência (Pennekamp et al. 2018). 
 Entretanto, pouco se sabe sobre os efeitos interativos das mudanças climáticas e 
diversidade na estabilidade em sistemas naturais. Primeiro, existe um grande viés 
experimental em diversos estudos de estabilidade, que investigam desigualmente certos 
sistemas e propriedades de estabilidade. De forma geral, muitas das conclusões desenvolvidas 
sobre as relações entre diversidade-estabilidade foram obtidas a partir de experimentos com 
comunidades de plantas terrestres, sendo ainda pouco conhecidas essas relações para outros 
tipos de comunidades (como as aquáticas, por exemplo). Além disso, a maioria dos estudos 
que abordaram os efeitos da estabilidade temporal limitou-se a avaliar estes efeitos apenas em 
atributos a nível ecossistêmico usando biomassa como um proxy de produtividade (Donohue 
et al. 2016). Para ambientes aquáticos, explora-se muito o efeito da diversidade na resistência 
das funções ecossistêmicas (como produtividade) frente às mudanças climáticas (Pires et al. 
2018). Porém, pouco se sabe sobre a relação entre clima-diversidade na estabilidade temporal 
em atributos de comunidades, como a riqueza ou abundância das espécies (mas ver Hillebrand 
et al. 2010; 2012).  
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Segundo, a maioria dos estudos que investigam a relação da diversidade e 
estabilidade em cenários de mudanças climáticas utiliza a abordagem clássica de diversidade 
(ou seja, como apenas a riqueza de espécies em um nível trófico). Dessa maneira, são 
escassos os estudos que exploram os efeitos interativos entre mudanças climáticas e a 
diversidade vertical (ou seja, o número de níveis tróficos no sistema) na estabilidade 
ecológica (Duffy et al. 2007). Estudos empíricos que abordam cascatas tróficas no seu cerne 
principal estão concentrados majoritariamente no hemisfério norte, ao passo que em biomas 
tropicais tais abordagens ainda são escassas (Marino et al. 2018). Entretanto, cascatas tróficas 
parecem ser fortalecidas em resposta ao aumento da temperatura em regiões mais frias, 
enquanto o efeito do aquecimento parece ser o oposto para biomas tropicais (Marino et al. 
2018). Logo, investigar cascatas tróficas em ecossistemas tropicais é de extrema importância 
para permitir predições mais seguras e que abrangem uma maior variedade de ecossistemas 
distintos. Abordagens recentes exploraram efeitos interativos de cascatas tróficas e mudanças 
climáticas na funcionalidade ecossistêmica e estrutura de redes tróficas em sistemas tropicais 
(Marino et al. 2017; Antiqueira et al. 2018), mas respostas da estabilidade ecológica a estes 
efeitos interativos ainda permanecem pouco conhecidas. 
Microcosmos naturais de bromélias como sistemas-modelo em Ecologia 
 Apesar da grande importância de se compreender como as dinâmicas de diferentes 
comunidades irão responder às mudanças climáticas e na biodiversidade, há uma carência de 
estudos que abordem essas relações de maneira experimental e em ambientes naturais. Para 
resolver esta questão, ecólogos têm utilizado microcosmos naturais como modelo de estudos 
ecológicos (Srivastava et al. 2004). Esses sistemas oferecem uma série de vantagens para a 
realização de estudos empíricos em ecologia, pois são sistemas pequenos, fáceis de manipular 
e replicar; reproduzem fidedignamente os padrões e variações ambientais de ambientes 
maiores, que dificilmente podem ser copiados em laboratório; apresentam um pool de 
espécies com alta diversidade e complexidade trófica, com tempos de geração muito 
pequenos; e processos ecológicos similares aos encontrados em ecossistemas equivalentes de 
maior tamanho (Srivastava et al. 2004). Alguns exemplos de microcosmos naturais são 
espaços ocos em árvores, orifícios de rochas (formando poças) ou fitotelmatas formados por 
algumas espécies de bromélias e plantas jarro carnívoras (Srivastava et al. 2004). 
Comunidades bromelícolas são sistemas-modelo amplamente utilizados em 
estudos ecológicos diversos, como por exemplo, relações tróficas intra e entre ecossistemas, 
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efeitos de alterações bióticas (e.g., predação) e abióticas (e.g., tamanho do habitat e mudanças 
climáticas) na estrutura e dinâmica de comunidades e ecossistemas (Omena 2014; Petermann 
et al. 2015; Romero et al. 2016; Marino et al. 2017; Antiqueira et al. 2018; Pires et al. 2018). 
Bromélias-tanque são plantas com folhas simples, alternas e espiraladas, em uma arquitetura 
foliar em forma de roseta, e ampla distribuição em ambientes neotropicais. Sua estrutura 
garante a formação de fitotelmatas nos tanques centrais a partir do acúmulo da água da chuva. 
Detritos provenientes de carcaças, fezes e material vegetal também acumulam dentro dos 
tanques, o que possibilita a manutenção de uma comunidade muito diversa composta 
principalmente por macroinvertebrados e microorganismos associados (Kitching 2000). Esse 
micro ecossistema é sustentado principalmente por uma cadeia decompositora a base de 
detritos (Leroy et al. 2015), mas também recebe um grande aporte de matéria e energia 
oriundo da produtividade primária de algas e outros micro-organismos autotróficos (Brouard 
et al. 2011; Farjalla et al. 2016). Os nutrientes liberados da decomposição não apenas 
sustentam a rede trófica composta pelos organismos bromelícolas, como também são 
absorvidos por tricomas foliares da bromélia, constituindo assim uma importante base 
nutricional da planta (Romero et al. 2006; Leroy et al. 2015).  
A base da rede trófica bromelícola consiste de uma rede microbiana muito 
diversa, composta principalmente por bactérias, fungos, flagelados, ciliados, algas, rotíferos e 
outros grupos microfaunais (Carrias et al. 2001). Eles sustentam boa parte da decomposição 
da matéria orgânica e da produtividade primária em bromélias, além de servir como recurso 
para outros macroinvertebrados presentes no sistema (Brouard et al. 2011, 2012;  Leroy et al. 
2017). Acoplados a essa rede microbiana, diversos grupos de macroinvertebrados 
(especialmente larvas aquáticas de insetos com ciclos de vida complexos) acrescem à rede 
trófica, atuando como consumidores intermediários (por exemplo, filtradores como larvas de 
culicídeos) da rede microbiana e exercendo forte influência nos primeiros estágios da 
decomposição (via ação de organismos trituradores, raspadores, coletores, etc.) (Kitching 
2000; Romero & Srivastava 2010). No topo da rede trófica, larvas de Zygoptera e Tabanidae 
constituem os principais predadores da comunidade bromelícola. Larvas de Zygoptera 
destacam-se por apresentar uma dieta bem generalista e caçar vorazmente os outros 
invertebrados aquáticos do sistema. Elas se utilizam de uma estratégia de caça em “senta e 
espera” para a captura de presas e causam grandes impactos na estrutura da rede trófica 
bromelícola e da comunidade terrestre ao entorno por reduzir a emergência de insetos adultos 
alados durante suas fases aquáticas (Starzomski et al. 2010, Omena 2014). O gênero 
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Leptagrion é um gênero dentro de Zygoptera especializado em comunidades bromelícolas, 
amplamente distribuído geograficamente e com uma alta diversidade (Costa et al. 2009), onde 
a espécie Leptagrion andromache constitui-se uma das espécies mais comuns para o sudeste 
brasileiro (Muzón et al. 2009). 
Objetivos gerais 
Nosso estudo teve como objetivo principal entender como o aumento da 
temperatura média global no Sudeste brasileiro, previsto para 2100 (estimados em 2ºC e 4ºC 
para cenários otimistas e pessimistas, respectivamente) e a perda de diversidade vertical 
(representada pela perda do predador de topo) afetam a estabilidade temporal de comunidades 
ecológicas, utilizando comunidades microfaunais de fitotelmatas de bromélias-tanque como 
sistema modelo. Especificamente, buscamos compreender: 
I) Quais os efeitos isolados e interativos destes dois componentes de mudanças globais (i.e., 
aquecimento e perda de predadores de topo) na estabilidade temporal de propriedades 
ecológicas (por exemplo, a densidade e riqueza de espécies). 
II) Como o aquecimento e perda de predadores de topo afetam diferentes mecanismos pelos 
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Stable communities are able to stand more complex food webs and essential ecosystem 
functions, but community stability is simultaneously sensitive at changes in diversity. 
Unfortunately, biodiversity loss has occurred at alarming rates worldwide, with top predators 
being disproportionately more affected, and climate changes aggravate such diversity 
depletion scenarios. These sudden alterations in biodiversity have potential to impact stability 
properties of ecological communities, but the knowledge about interactive effects of these 
changing drivers on ecological stability remains scarce. We experimentally manipulated 
warming and top predator loss in natural microcosms of tank bromeliads and recorded their 
individual and interactive effects on temporal stability of density of their microbial 
communities and of associated different trophic levels. We also searched for impacts of these 
drivers on several stabilizing ecological mechanisms influenced by microbial community 
diversity. Top predator loss indirectly decreased   temporal stability of the microbial 
community density and of many lower trophic levels via cascading effects mediated by 
increase of mesopredators (Culicidae larvae). However, warming did not affect temporal 
stability at community or trophic group levels. While community-level stability was more 
sensitive to increase of Culicidae abundance, temporal stability at individual trophic levels 
decreased under higher Culicidae richness. Moreover, mechanisms as asynchrony and the 
portfolio effect contributed strongly to community stability. However, such mechanisms were 
weakened by decreasing of top-down control of mesopredators and microbial diversity, 
respectively, with comparatively more pronounced effects of mesopredators. Our findings 
reveal that trophic downgrading, more than climate warming, can threat the maintenance of 
community stability, weakening potential stabilizing mechanisms of diversity and affecting 
indirectly the temporal stability for different trophic levels simultaneously. Consequently, 
trophic cascades resulting of loss of single trophic level can offer indirectly serious risks to 
maintenance of food web dynamics. 
Key words: predator loss, climate change, temporal stability, microbial food web, tank-




Understanding the relationship between biodiversity and stability of ecological 
communities has been focus of many recent studies in ecology (McCann 2000; Ives & 
Carpenter 2007; Donohue et al. 2016). Stable communities are less prone to extinctions and 
subsequent species invasions, providing reliable ecosystem functions and services (Pimm 
1984; Hooper et al. 2005). Stability is a multidimensional concept that involves different 
measures of responses of ecosystems to biotic and abiotic disturbances (Ives & Carpenter 
2007; Donohue et al. 2013). In this study, we focus in understanding community stability as 
the temporal stability, i.e. the inverse of temporal variability. Current studies suggest that 
temporal stability of community properties (e.g. biomass) increases with biodiversity (Ives & 
Carpenter 2007; Tilman et al. 2014; Hautier et al. 2015). However, anthropic impacts on 
Earth’s ecosystems have culminated in high biodiversity loss worldwide, potentially 
compromising ecosystem functions and their stability (Hooper et al. 2012). Studies have 
explored the biodiversity-stability relationship primarily under a single trophic perspective, 
using plant communities as main model system (Hooper et al. 2005; Tilman et al. 2014). 
However, diversity also is multidimensional variable that incorporate variety on species, 
functional traits and trophic interactions on a food web (Duffy et al. 2007; Naeem et al. 
2016). Some reviews suggest that multitrophic diversity has more pronounced positive effects 
on community stability (Halpern et al. 2005; Jiang & Pu 2009), but conclusions are based on 
few evidences due to scarcity of empirical studies. 
Biodiversity-stability relationship seems to be promoted by effects of species 
richness on different ecological mechanisms that directly influence community stability 
(Table 1). For instance, diversity is directly related at ecosystem productivity. More diverse 
communities seem to be more productive compared to monocultures of their species (Isbell et 
al. 2009; Tilman et al. 2014). On other hand, increasing species richness can decrease the 
total variance of community biomass/abundance via changes on dynamic patterns of species 
populations. Increasing diversity can promote higher range of species responses at 
disturbances and environmental variability. It has potential to beget asynchrony in species 
dynamics and compensation of loss of some sensitive species by others functionally similar, 
maintaining low variability on community level dynamics (Yachi & Loreau 1999; Gonzalez 
& Loreau 2009). At same time, even in absence of compensation, greater diversity can 
decrease community variability by decreasing the sum of species individual variances by 
portfolio effect (or statistical averaging). It is attributed when mean and variance scales 
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according to a power law (Taylor 1961), so that variance increases or decreases exponentially 
faster than mean (Doak et al. 1998). If higher species richness decreases mean abundance per 
species (i.e. greater evenness), it consequently decreases the variance of these species at an 
even higher rate (Doak et al. 1998; Tilman 1999). Such mechanisms were identified on 
studies exploring stability for plant or other single-trophic communities (Tilman et al. 2006; 
Romanuk et al. 2009). For multitrophic communities, the action of such mechanisms and your 
relationship with diversity remains misunderstood, with revisions indicating similar patterns 
for these systems (Jiang & Pu 2009). 
Table 1. Summary of main ecological mechanisms related with community stability and influenced by diversity. 
Diversity-related mechanism Ecological meaning Evidences of stabilizing effects of 
diversity 
Overyielding (Tilman 1999; Isbell 
et al. 2009; Hector et al. 2010) 
Higher productivity of species in 
mixture conditions than 
monocultures;  
 
Communities is too more 
productive under higher species 
richness; 
 
Related to positive effects on the 
niche complementarity. 
Community biomass or abundance 
increases with species richness; 
 
Increase of community biomass or 
abundance occurs at a faster rate than 
its standard deviation 
Asynchrony/Compensatory 
dynamics (Tilman 1999; Yachi & 
Loreau 1999; Gonzalez & Loreau 
2009) 
Differential responses of species at 
environmental variations and 




among species resulting from 
these differential responses; 
 
Presence of compensation or 
insurance effects on more diverse 
communities in scenarios of 
diversity loss due to higher range 
of responses. 
Increase of community asynchrony 
under higher species richness; 
 
      
   
 
(∑    
 
 )
  , where    represents 
the community synchrony (Loreau & 
de Mazancourt 2008) 
 
Increase of negative values for 
summed covariances among all 
possible ordered pairs of species of 
community 
 
Portfolio effect (or statistical 
averaging) (Doak et al. 1998; 
Tilman 1999) 
Community-level attributes are 
prone to be less variable than 
attributes of individual species 
populations; 
 
Mean and variance of species 
attributes scale according to a 
power law (Taylor 1961); 
 
Increasing species richness can 
decrease mean abundance per 
species and consequently the 
species population variances 
(Doak et al. 1998).  
Scaling relationship between log-
values of mean and variance of 
constituent species populations 
shows a slope > 1; 
 
Summed variances of all constituent 
species of a community decrease 




The decline of global biodiversity occurs unequally for different groups (Sala et 
al. 2000; Dirzo et al. 2014). One of the greatest threats to biodiversity corresponds to loss of 
“vertical diversity”, resulted of decreasing of food web length by extinction of top predators 
(Duffy et al. 2007; Estes et al. 2011). Depletion of predator diversity releases mesopredators 
of top-down control, changing the impact of trophic cascades in lower trophic levels (Finke & 
Denno 2004; Prugh et al. 2009). Such changes on trophic cascades can compromise 
productivity, structure, diversity and dynamic of food webs (Estes et al. 2011; Cardinale et al. 
2012), with subsequent effects on stability. In general, studies with manipulations on 
predator-prey interactions indicate high sensitivity of stability of prey populations to removal 
or variability of predator (Jiang et al. 2009; Mrowicki et al. 2016). Many of these patterns 
were reproduced in few studies with larger food webs (O’Gorman & Emmerson 2009; 
Eisenhauer et al. 2011; Donohue et al. 2013), with a differential: alterations in the producer 
stability were resultant of changes in the producer diversity and its interactions with 
consumers. However, most of studies exploring changes on trophic structure evaluated only 
stability of producers or basal trophic groups as reference. As result, predictions for other 
different trophic levels individually remain difficult to be established. 
Climate changes (i.e. global warming) are one of main determinant factor of 
biodiversity loss (Sala et al. 2000), with forecasts of more pronounced changes for the next 
decades (MEA 2005; IPCC 2014). Climate warming can influence diversity to modify species 
physiology, phenology and distribution, to decouple species interactions and to shift 
community composition (Parmesan 2006; Walther et al. 2010). Moreover, studies have 
showed that higher trophic levels (i.e. top predators) and large body size species are more 
sensitive to environmental changes (e.g. warming) (Petchey et al. 1999; Voigt et al. 2003; 
Daufresne et al. 2009). All these effects become climate warming a potential factor of 
influence on community stability, which acts in different ways, but two main ones stand out 
on literature. Warming alters strength of trophic interactions by weakening consumer-resource 
interactions due to increase of metabolic demand (Vucic-Pestic et al. 2011). At long term, it 
seems to promote stability on these interactions, but at the cost of consumer depletion by starvation, 
since higher trophic levels have greater energetic requirements (Brown et al. 2004; Daufresne 
et al. 2009). Second, warming imposes an environmental filter that excludes non-adapted 
species, determining not only diversity, but also patterns of species dynamics and 
consequently species asynchrony (Hillebrand et al. 2010; Ma et al. 2017). In general, reviews 
pointed weak potential of diversity to buffer destabilizing effects of climate changes (De 
Boeck et al. 2017; Pires et al. 2018). However, the main studies with stability that explored 
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climatic approaches used single-trophic communities as model, making unclear how temporal 
stability of realistic larger food webs will react to future climate warming.  
We elaborated a manipulative field press experiment to evaluate how the 
interaction between climate change (i.e. warming) and vertical diversity loss (i.e. top predator 
loss) influence the community stability at community-level and of individual trophic levels in 
the food web. We used phytotelmata ecosystems of tank-bromeliads like freshwater model 
systems, with a multitrophic framework in temperature natural variation scenarios. 
Bromeliads are very abundant in Neotropical forests and able to accumulate between 40,000 
and 50,000 liters of rainwater per hectare, providing habitat for a diverse aquatic food web 
(Kitching 2000; Gonçalves-Souza et al. 2010). Likewise, many terrestrial species of insects 
and amphibians compound bromeliad food webs in their aquatic larval stages and influence 
several cross-ecosystem interactions between these and terrestrial ecosystems (Romero & 
Srivastava 2010; Omena et al. 2017). Natural microcosms (e.g. bromeliad ecosystems) are 
small ecosystems that allow high replicability in the field with realism of the ecological 
responses at natural environmental variations, being widely used in ecological studies 
(Srivastava et al. 2004). Moreover, the short generation time of microcosm communities 
allows us to explore temporal dynamics at intervals in the order of tens to hundreds of 
generations in few weeks/months, providing more suitable responses of community stability 
to experimental stressors (Altermatt et al. 2015).  
We predicted that interactive effects of top predator loss and warming can 
compromise community properties stability (i.e. abundance or density). Here, we focused on 
evaluating temporal stability for microbial communities of tank-bromeliads. We expect that 
removal of bromeliad top predators decrease microbial community stability via changes on 
trophic cascades by releasing macroinvertebrates mesopredators (i.e. filter-feeders) of top-
down control (Fig. 1a). It can increase predation pressure on microbiota, promoting 
oscillations on species population dynamics (Jiang et al. 2009), reverberating with more 
intensity on lower trophic levels (Mrowicki et al. 2016). We also expect that warming can 
weaken trophic interactions and consequently alter top-down effects (Fig. 1a), with stabilizing 
or destabilizing effects depending on which trophic levels are more affected (Rall et al. 2010; 
Kratina et al. 2012; Fussmann et al. 2014). On other way, we expect that both anthropogenic 
drivers decrease stability to weaken potential stabilizing mechanisms (i.e. overyielding, 
portfolio effect or asynchrony) directly (Jiang et al. 2009; Ma et al. 2017) or indirectly via 
decreasing of microbial diversity (Hillebrand et al. 2012; Donohue et al. 2013) (Fig. 1a). Our 
study brings evidences that community stability is sensitive at warming and diversity changes, 
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Figure 1: Conceptual framework and schematic representation of bromeliad food web. (a) Predictive 
structure of main effects direct and indirect of top predator loss and warming on community stability. Blue 
arrows indicate positive effects, red arrows indicate negative effects and purple arrows indicate both 
possibilities. Solid arrows indicate main effects and dashed arrows indicate interactive effects of warming on 
trophic interactions (see text). (b) Diagram of bromeliad microbial food web on our study system. Boxes 
represent main trophic groups classified in our study (i.e. primary and secondary consumers, producers, etc.). 
Some representative morphospecies for each trophic group are in italics. Arrows denote proposed energy 
pathways. 
MATERIAL AND METHODS 
 Experimental Design 
Our study simulated different scenarios of global changes (global warming and 
diversity loss) affecting the temporal stability of microorganisms communities in freshwater 
phytotelmata ecosystem. This experiment was carried out from April to July 2014, in a 
Restinga forest located on the north coast of Brazilian Southeast, a vegetation type belonging 
to Atlantic Rainforest. We used Neoregelia johannis bromeliads as experimental units due to 
their great availability in our study area and their wide range of size and tank-water volume. 
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More details about our study area and system model are presented in the Appendix S1. We 
used 30 bromeliads obtained from a greenhouse, which were derived from seeds of plants 
originated in the study area. Prior to the experiment, we washed the plants and treated them 
with 5% sodium hypochlorite and antibiotics to exterminate all macroinvertebrates and 
microorganisms. Then, they were washed again, measured and taken to the field for 
experimentation. The initial communities for each bromeliad were established by collecting 
water and macrofaunal individuals of 15 wild Neoregelia johannis. We planted and grouped 
the experimental plants in blocks according to plant volume, with six bromeliads per block. 
For more details see Antiqueira et al. (2018a,b).  
We randomly selected six bromeliads per block to receive the treatments 
distributed in two main factors: warming (three levels) and predator loss (two levels), and 
interaction between these factors, in a total of five blocks and thirty bromeliads.  
The top predator loss factor had two levels: (i) predator presence, composed for 
larvae of Leptagrion andromache (Hagen in Selys, 1876), the most common top predator 
species in our system; and (ii) predator absence. This factor was developed in a substitutive 
design that maintained a constant total density of three predators. After 30 days of 
experiment, three new individuals were added in the same amount to compensate predator 
deaths. 
The warming treatment was composed of three levels related to climate warming 
prediction models (IPCC 2014; PBMC 2015): (1) ambient temperature (control); (2) 2ºC 
above ambient temperature (expected for 2040); and (3) 4ºC above ambient temperature 
(expected for 2100). To simulate the warming scenarios we used a warming system described 
by Antiqueira et al. (2018a,b). We used 1W heaters, controlled for thermostats connected to 
thermosensors and a temperature control system with digital monitor. The temperature of 
control bromeliads is transmitted as a reference measure to a temperature controller that 
transfers the temperature measure to the second controller. This second controller regulates 
the heaters with the received reference value for the second plant to increase the temperature 
by 2ºC above the reference. The same process was repeated for a third controller, which 
receives the temperature measure of second controller and use the temperature value as 
reference to regulate the temperature of third plant, increasing by 2ºC above of reference 
value of second plant, and 4ºC compared to ambient temperature. The water temperature of 
each bromeliad was recorded every hour. The warming control system reproduced the range 
of natural variation in ambient temperature throughout the day. This approach provides more 
reliable and accurate results to extract effects of temperature variation from natural and daily 
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oscillations on a long-time interval (Antiqueira et al. 2018a,b), differing of traditional 
methods of experimental warming in controlled environment with fixed temperature averages 
or regular increases of temperature. 
Community Sampling 
To sample the microfauna, we collected 2mL of water samples per bromeliad in 
regular time intervals (0, 30, 50 and 75 days). These samples were fixed with acid 5%-iodine 
Lugol’s solution and separated into two subsamples: (1) 1,5mL to phytoplankton; and (2) 
0,5mL to zooplankton. The identification of microbiota was performed in collaboration with 
specialists from NUPELIA (Núcleo de Pesquisas em Limnologia, Ictiologia e Aquicultura), at 
Universidade Estadual de Maringá, Maringá, PR.  
Zooplankton samples were stained with Rose Bengal’s aqueous solution to 
evidence complex cell details like nucleus or cilia. We separated 100 μL of each sample and 
counted all organisms and respective species under an optical microscope (Olympus BX51) 
with a camera attached for greater visualization and photo storage. In order to obtain a more 
robust measure of total diversity, the remaining 400μL were diluted until 1mL distilled water 
and analyzed in a Sedgewick-Rafter counting chamber, to record rare morphospecies or that 
one which not appeared in the first counting procedure. The total density of organisms per mL 
was estimated by extrapolation. The phytoplankton subsamples were counted in an inverted 
microscope (Carl Zeiss Axiovert 135) following estimate methods proposed by Utermöhl 
(1958) after sedimentation method proposed by Lund and collaborators (1958). All sampled 
individuals were identified to the lowest taxonomic level possible (species or morphospecies).  
The bromeliads also were dissected at end of experiment (75 days) and each leaf 
was washed to collect the whole content and to sample the macrofauna. We put these liquid 
from the washing in white trays to facilitate the screening and so collected all 
macroinvertebrates. We fixed them with 70% alcohol solution, identified at the lowest 
taxonomic level possible and then counted and recorded the number of individuals and 
species (Antiqueira et al. 2017, 2018).  
 Trophic Groups and Food Web 
We separated the microbiota species in trophic categories according to their 
feeding habits and trophic functional types (Table S1): (a) Producers: all autotrophic 
organisms, such as flagellates, algae and cyanobacteria; (b) Primary Consumers: corresponds 
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to bacterivorous, algivorous or detritivorous species (composed mainly by heterotrophic 
flagellates and some morphospecies of ciliates and testate amoebas); and (c) Secondary 
Consumers: omnivorous or predator morphospecies (ciliates and testate amoebas, rotifers, 
copepods and others). We determined Culicidae larvae as main mesopredators, since some 
studies used them as main predators of microfaunal communities (Hoekman 2010; Brouard et 
al. 2011) and detritivore macroinvertebrates as another potential intermediate trophic level 
that could influence the microbiota. Leptagrion andromache larvae (Zygoptera) was used as 
main top predator, manipulated experimentally on this study (Fig 1b).     
Temporal stability, diversity and associated stabilizing mechanisms 
We evaluated stability at two levels of ecological organization: the aggregate 
community and trophic levels. The aggregate community level was composed by the set of all 
morphospecies belonging to microbiota, while each trophic level was defined by grouping of 
microbiota morphospecies belonging to their respective trophic level defined above. For each 
ecological organization level, we investigated the treatment effects on the temporal stability of 
density in each bromeliad. The temporal stability (ST) was estimated by the inverse of the 
coefficient of variation (CV), where CV is the ratio between the standard deviation of 
measures of all monthly samplings (σT) and the mean of measures of all monthly samplings 
(μT), multiplied by 100 (Eq. A1). The ST estimated is a common method to define stability in 
most of ecological studies, given that it offers a dimensionless and scale invariant measure of 
manipulated variables and is able to be applied in non-linear dynamics (Lehman & Tilman 
2000; Grman et al. 2010; Gross et al. 2013). 
Moreover, we can use ST index to evaluate if the three stabilizing mechanisms 
cited previously (overyielding, portfolio effect or asynchrony), linked to strong diversity-
stability relationships (Lehman & Tilman 2000). For this, we decomposed the temporal 
stability in its subcomponents of mean and standard deviation, as presented in the following 
equation: 
      
∑                 
√∑          ∑          
 
In general, we can decompose standard deviation of index as a sum of individual 
variances and covariances of species (more details can be found on Appendix S2). Associated 
with the average abundance, such subcomponents can be used separately as proxies of 
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presence of overyielding effect (average abundance), portfolio effect (summed variances) and 
effect of compensatory dynamics/asynchrony (summed covariances) as suggested by many 
previous studies (Lehman & Tilman 2000; Steiner et al. 2005; Romanuk et al. 2009).  
We also explored if the main stabilizing mechanisms also are influenced by 
microbial diversity as theory suggests (Tilman et al. 1999; Yachi & Loreau 1999). To test the 
potential stabilizing role of diversity on overyielding, we verified if the average community 
density increased with average species richness and if the increase of average density 
occurred at a faster rate than its standard deviation (Tilman 1999; Isbell et al. 2009). If such 
assumptions are observed, overyielding promotes stability by increasing the temporal average 
density on ST index (Lehman & Tilman 2000; Isbell et al. 2009). The average community 
density and its respective standard deviation were log10 transformed to meet the normality and 
homocedastitcity assumptions in the regression. 
Statistical averaging was evaluated from the slope (z) of scaling relationship 
between log10(average community density) vs. log10(average community density variance). 
Diversity contributes to community stability via this mechanism when the z value is greater 
than 1 (Doak et al. 1998; Tilman 1999). Since then the sum of individual species variances 
can decrease as diversity increases. To confirm this assumption, we also plot a regression 
between average species richness and summed variances. Summed variances were log10 
transformed to meet the normality and homocedastitcity assumptions in the regression. After 
data exploratory observation, we observed our data distribution follows a hump-shaped curve 
(Fig. 4d). So, we compared both linear and polinomial models to temporal average species 
richness in order to verify the best fit to our data. 
Asynchrony can beget compensatory dynamics that can increase with diversity, so 
that summed covariances of species can reduce the temporal variance subcomponent of 
community-level attributes if negatively correlated (Tilman 1999; Lehman & Tilman 2000). 
However, some studies pointed problems with the use of summed covariance as single proxy 
for measuring asynchrony (Houlahan et al. 2007; Loreau & de Mazancourt 2008). Thus, to 
measure the effect of asynchrony/compensatory dynamics on community stability, we use a 
linear regression to test if species asynchrony increases with average species richness. We 
used an adapted measure of asynchrony developed by Loreau and de Mazancourt (2008) (e.g. 
see Ma et al. 2017) that compares the variance of community level density with the summed 
variance of density of individual components. We calculated it as: 
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where φx represents the species asynchrony, xT is the aggregate community density, σ
2
xT  is its 
variance and σxi is the standard deviation of density for a species i in a community with S 
species. This measure is standardized between 1 (perfect asynchrony) and 0 (perfect 
synchrony). We calculated this metric using the “synchrony” function of “codyn” package in 
R (Hallett et al. 2016; R Core Team 2017).  
Statistical Analyses 
We investigated respective direct and indirect effects of top predator loss 
(mediated by mesopredator releasing) interacting with warming on density stability, microbial 
diversity and proxies for stabilizing mechanisms (i.e. average density, summed variances and 
asynchrony index). Here we conducted piecewise structural equation models using the 
“piecewiseSEM” package in R (Lefcheck 2016; R Core Team 2017). We structured all models 
using linear mixed effect models (lme – Pinheiro & Bates 2000), considering block as a 
random effect. Warming was included as the temperature average on each bromeliad 
(temperature recorded every hour over the experimental period) and was considered as 
independent continuous variable. Top predator loss was evaluated as an independent factor 
with two levels: presence or absence of top predators. Mesopredator (i.e. Culicidae or 
detritivore) richness and abundance were included as intermediate endogenous continuous 
variables to investigate their response to experimental stressors and direct effects of 
mesopredators on response variables. We used the sampled values of total Culicidae and 
detritivore abundance and richness recorded in the last experimental period on analysis. To 
meet homoscedasticity and normality assumptions of LME models, we log10 transformed 
several outcome variables in the paths as density ST, average density and summed variance 
values, both the aggregate community level and for each trophic level.  
SEMs were implemented using two different approaches according to ecological 
organization levels for each response variable. We tested how the interaction of two 
experimental drivers affected, directly or indirectly (mediated by Culicidae or detritivore 
abundance and richness), the response variables at 1) aggregate community level or 2) single 
trophic levels individually. On community level approaches, two different paths were 
performed for each intermediate trophic level type (Culicidae or detritivore) and both 
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abundance and richness of each type were used as intermediate endogenous variables on 
analyzes (Fig S1a,b). On the approach with different trophic levels, four different paths were 
performed, one for each intermediate trophic level attribute and type (Fig. S1c). For 
community-level approaches, we also created three different models, each one with an 
interaction structure to predict different interactive effects of trophic components with 
warming: a) interaction between exogenous drivers; b) interaction between warming and b) 
Culicidae or detritivore abundance; or c) Culicidae or detritivore richness (Figs. S1a,b). In 
trophic level approaches, we explore the same interactions only between warming and 
Culicidae or detritivore attributes (Fig. S1c). 
We reduced the number of non-significant variables and interactions via backward 
selection, using Akaike Information Criteria corrected for small sample size (AICc). We 
distinguished models for ∆AICc values greater than 2 and selected models with lower values 
of AICc. To examine the presence of multicollinearity in each model component, we 
calculated the variance inflation factor (VIF), considering the presence of collinearity to VIF 
> 3 (Zuur et al. 2010). We did not observe collinearity in any model. Model fit was tested 
through of Shipley’s test of d-separation using Fisher’s C statistic, with adequate fits to p-
values > 0.05. We also recorded values of AICc and the standardized coefficients (β) for each 
path of each model. Indirect effects were estimated by the product of the significant β 
coefficients along the paths.  
RESULTS 
We estimated to microbial community an abundance of 1,917,452 individuals for 
a total sampled volume of 120mL, belonging to 158 morphospecies (Appendix S3). We also 
recorded a total abundance of 4616 individuals of 18 morphospecies to Culicidae and 6216 
individuals of 48 morphospecies to detritivores. The absence of top predators increased the 
Culicidae abundance and richness in 48% and 33%, respectively (ANOVA, Culicidae 
abundance: F1,24 = 9.64, p = 0.005; Culicidae richness: F1,24 = 12.56, p = 0.002), while 
increased detritivore richness in 17.96%, but did not affect its abundance (ANOVA, 
detritivore abundance: F1,24 = 0.01, p = 0.935; detritivore richness: F1,24 = 7.92, p = 0.006). 
Culicidae and detritivore attributes were not affected by warming (ANOVA, Culicidae 
abundance: F1,24 = 2.86, p = 0.077; Culicidae richness: F1,24 = 0.51, p = 0.607; detritivore 
abundance: F1,24 = 0.91, p = 0.414; detritivore richness: F1,24 = 0.28, p = 0.757) or interaction 
between warming and top predator loss (ANOVA, Culicidae abundance: F1,24 = 0.611, p = 
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0.551; Culicidae richness: F1,24 = 0.09, p = 0.913; detritivore abundance: F1,24 = 0.30, p = 
0.743; detritivore richness: F1,24 = 0.56, p = 0.575). 
Top predator loss was the main experimental driver among all models (Figs. 2,3, 
Figs. S2 to S9). Warming and interactions between it and trophic components (i.e. top 
predator and Culicidae or detritivore attributes) had no significant effect on almost all models 
and were removed via selection by AICc (Table S1 to S5). In general, Culicidae richness was 
a better predictor than abundance (i.e. selected by AICc) in almost all trophic level models 
(Table S1 to S5), except for those of density stability models, in which both Culicidae 
attributes were selected together by similarity of their AICc values (Table S1, Fig. 2a,b). 
Meanwhile, Culicidae abundance was selected in almost all community-level models (Table 
S1 to S5), but Culicidae richness had no direct effects on several community-level responses 
and was removed from almost all paths (Table S1 to S5, Figs. 2,3, S3 to S5). Culicidae 
richness was the best predictor for community-level responses only for average community 
density (Table S3, Fig. S2b). Detritivore attributes had a little contribution on response 
variables, influencing negatively temporal stability for primary consumer density (Fig S5a) 
and positively the secondary consumer average richness (Fig. S6a). However, in general, they 
do not exert expressive effects on microbial diversity and stability (Figs. S5 to S9). 
Temporal Stability 
In general, top predator loss caused a negative indirect effect on density stability 
of producers via Culicidae abundance (Fig. 2a, β   -0.494) and primary consumers via 
Culicidae richness (Fig. 2b, β   -0.635). Top predator loss also had negative indirect effects 
on temporal stability of community density (β = -0.577), mediated by direct effects of 
Culicidae abundance (Fig. 2c). 
Microbial community diversity 
Top predator loss decreased indirectly the average richness of producers and 
primary consumers via Culicidae richness (Fig. 3b; producers: β = -0.449; primary 
consumers: β = -0.549). Meanwhile, secondary consumer average richness increased average 
richness of lower trophic groups by direct effects on primary consumers (Fig. 3b) and indirect 
effects on producers, mediated by primary consumers (Fig. 3b; β = 0.282). At community-
level, average richness decreased by direct effects of top predator loss and increased via 




Figure. 2: Structural equation models of warming and top predator loss effects on Culicidae attributes 
and on temporal stability of density. Paths represent final models of direct effects of experimental drivers on 
temporal stability at: (a) trophic levels, mediated by Culicidae abundance; (b) trophic levels, mediated by 
Culicidae richness; and (c) aggregate community level, mediated by Culicidae abundance. Solid black arrows 
represent significant positive paths and solid red arrows represent significant negative effects (p < 0.05 piecewise 
S.E.M.). Light grey arrows represent non-significant paths (p > 0.05 piecewise S.E.M.). The thickness of the 
significant paths represents the magnitude of the standardized regression coefficient (β) or effect sizes, given on 
the arrows. Marginal R²s for component models are given on the boxes of endogenous variables. 
Diversity-stability relationship and stabilizing mechanisms 
In search for evidence for overyielding effects, we did not find any significant 
increase of temporal average density of aggregate community as temporal average species 
richness increased (Fig. 4a). We observed a positive relationship between average community 
density and its standard deviation (Fig. 4b, F1,28 = 97.2, p < 0.001, adjusted R² = 0.77), but the 
deviation components grows exponentially faster than density component (slope = 1.20 in 
log-log scale), opposite as that expected by overyielding effect assumptions. We also did not 
observe any influence of experimental drivers on relationships cited above (Table S6) and 
there was not contribution of community average density to community stability (Fig. S10a; 
F1,28 = 2.344, p = 0.137). Thus, our results did not support the presence of overyielding effect 




Figure 3: Structural equation models of warming and top predator loss effects on Culicidae attributes and 
on temporal average of richness. Paths represent final models of direct effects of experimental drivers on 
average richness at (a) trophic levels, mediated by Culicidae richness; and (b) aggregate community level, 
mediated by Culicidae abundance. Solid black arrows represent significant positive paths and solid red arrows 
represent significant negative effects (p < 0.05 piecewise S.E.M.). Light grey arrows represent non-significant 
paths (p > 0.05 piecewise S.E.M.). The thickness of the significant paths represents the magnitude of the 
standardized regression coefficient (β) or effect sizes, given on the arrows. Marginal R²s for component models 
are given on the boxes of endogenous variables. 
Our test for statistical averaging showed that the average slope (z) across all 
species in our community was 2.118 ± 0.002 (mean ± SE; Fig. 4c; F1,4648 = 874800, p < 0.001, 
adjusted R² = 0.995). In contrast, experimental drivers subtly changed the mean-variance 
scaling relationship, where we found z slope values close to the average value, regardless of 
levels of top predator loss (absence: z = 2.123 ± 0.003, F1,2323 = 447600, p < 0.001, adjusted 
R² = 0.995; presence: z = 2.113 ± 0.003, F1,2323 = 422800, p < 0.001, adjusted R² = 0.995) or 
warming effects (warming*average density interaction: z = -0.003 ± 0.001, F1,4646 = 291700, p 
< 0.001). The summed variances of species also decreased with increasing species richness 
(Fig. 4d). The polynomial model fitted significantly better to our data than linear model 
(Table S7), where summed variances rose up with increasing species richness to a maximum 
value and then started to decrease (Fig. 4d). However, its relationship with species richness 
was not affected by experimental drivers (Table S8). In general, the two results above plus the 
presence of negative relationship between community stability and summed variances (Fig. 
S10b; estimate = - 44.28; F1,28 = 9.47; p = 0.005; R² = 0.23) corroborate with assumptions for 




Figure 4: Tests for relationship between stabilizing mechanisms at community-level and community 
diversity. Triangular points and circle points show respectively top predator present and absent. Warming is 
represented by yellow-red color gradient. Overyielding: (a) Relationship between average community density 
and average species richness. (b) Average density standard deviation in function of average community density. 
Statistical averaging: (c) Mean-variance scaling relationship for average population density. (d) Summed 
variances in function of average species richness. Asynchrony/compensatory dynamics: (e) Summed covariances 
in function of temporal average species richness. (f) Community asynchrony in function of average species 
richness. Black lines represent significant regression lines. Shaded areas represent 95% confidence intervals. Y 




Summed covariances and community asynchrony did not respond to increasing 
species richness or to experimental drivers (Table S9; Figs 4e,f). However, we found a strong 
non-linear relationship between community stability and community asynchrony (Fig. S10c; 
asynchrony²: estimate = 1.339, p < 0.001; asynchrony: - 0.698, p < 0.001; quadratic 
regression: F2,27 = 187.8, p < 0.001, R² = 0.93). Therefore, there are potential effects of 
asynchrony on community stability, but not related with microbial diversity. 
 Although some mechanisms were not affected by diversity, path analyses have 
revealed effects of Culicidae attributes in stabilizing mechanisms (Fig. 5). In general, average 
density, summed variances and asynchrony index of each trophic level did not respond to 
Culicidae richness (Figs S2-S4). At the community level, top predator loss decreased 
indirectly community average density (β = -0.545) and asynchrony (β = -0.537), mediated by 
effects of Culicidae richness and abundance, respectively (Figs S2, S4). However, summed 
variances were not affected by direct or indirect effects (via Culicidae) of top predator loss 
(Fig. S3).  
 DISCUSSION 
Our results support the predictions that top predator loss and warming can 
destabilize temporal dynamics of community density. We found that top predator loss affects 
negatively both aggregate community and lower trophic levels by cascading effects mediated 
by releasing of top-down control on mesopredators (i.e. culicids). Cascading effects of top 
predator loss made food webs more temporally unstable, but each trophic level reacted 
singularly to the different mesopredator attributes. Meanwhile, warming did not provoke 
expressive changes on trophic interactions and community stability. Our results also revealed 
that both experimental drivers influenced stabilizing mechanisms directly or mediated by 
changes on microbial diversity. Curiously, however, these mechanisms were more affected by 
increase of Culicidae abundance and richness than increasing temperature or microbial 
community richness. Our results reinforce the debate about the phenomenon of “mesopredator 
release” (Ritchie & Johnson 2009), bringing up new negative effects of top predator loss on 
community stability from responses mediated by changes on food web structure and diversity 
within intermediate and basal trophic groups. 
Top predator loss decreased indirectly density stability at community-level and of 
each trophic level via mediated effects mainly by Culicidae abundance and richness, 
respectively (Figs. 2,3). However, only average density at community-level responded at 
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mesopredator effects (Fig. S2b). Simultaneous declines of prey populations can induce at 
more unstable dynamics of community as a whole and decrease community stability (Micheli 
et al. 1999; Haddad et al. 2011). Thus, the significant decrease of temporal density stability 
on two distinct ecological organization levels can indicate a stronger generalized predation 
pressure in microbial prey populations due to increase of Culicidae abundance. Increasing 
Culicidae richness also can intensify the predation pressure to promote higher vertical niche 
breadth for predation, culminating on higher efficiency to capture preys with resistance at 
different predator types (Duffy et al. 2007). In general, our results corroborate the prediction 
of that predation can influence community stability, with distinct effects according to 
ecological organization level (Halpern et al. 2005; Jiang et al. 2009; Britten et al. 2014). To 
our knowledge, this is the first study that evaluated empirically the magnitude of indirect 
effects of top predator loss on temporal stability of food web and its trophic compartments 
and the main mediators of these effects. 
Our findings also demonstrate that the weakening of top-down control in 
mesopredators by top predator loss led to differential responses of each trophic level at 
increasing predator pressure, with negative consequences for food web stability (Fig. 2). 
Producers and primary consumers responded more profoundly (in terms of density stability) 
at increasing predation pressure by culicids than secondary consumers (Figs 2a,b). Curiously, 
producers are the most abundant trophic group, representing from 73.7 to 99.2% of total 
density. Moreover, producer stability explained 91% of variance on community stability in 
contrast to no effects of other trophic groups (Fig. S11). Thus, community density stability 
seems to be sensitive at density-depending effects, responding strongly at changes on more 
abundance trophic levels. Theory and empirical studies showed very abundant species can 
provide stability at community-level in communities with high dominance when they present 
high resistance at disturbances and more stable dynamics (Steiner et al. 2005; Hillebrand et 
al. 2008). However, we found that producers are one of more vulnerable trophic levels on our 
system, responding strongly at predation by culicids. Therefore, negative indirect effects on 
some trophic level stability can actually threat community stability as a whole. In summary, 
our results support evidences for the impact of loss of one single species on dynamics of 
several trophic groups (O’Gorman & Emmerson 2009; Mrowicki et al. 2016), highlighting 
the risks of altering trophic cascades, in our case, due to predator diversity loss. Depending of 
food web structure, these indirect effects, that initially would destabilize only some trophic 
levels, can in turn reverberate on food web dynamics. 
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We found strong top-down effects of loss of top predators in community stability, 
but we did not evidence for interactive effects on warming on trophic interactions and 
consequently on temporal stability. It contrasts with some empirical studies exploring 
warming and stability of consume-resource interactions (Rall et al. 2010; Fussmann et al. 
2014). Some studies suggest several ecological properties (e.g. species performance) present 
higher sensitivity to changes in environmental variation than in mean conditions (Vasseur et 
al. 2014; Lawson et al. 2015). Bromeliad communities suffer intense daily temperature 
variations and many species may be adapted to these natural oscillations (Antiqueira et al. 
2018a), a phenomenon apparently present on other freshwater ecosystems (Gruner et al. 
2017). Thus, destabilizing effects of warming can have been little expressive in our 
experimental scenario because we only increase temperature under a natural pattern of climate 
variability. Future studies can improve our approach to explore global warming under 
different environmental variability scenarios and thermal amplitude to provide more suitable 
forecasts of climate change effects on community stability. 
Our findings point that among three evaluated mechanisms, only statistical 
averaging (or portfolio effect) and asynchrony contributed to enhance community stability in 
our system (Fig. 5, Figs. S10b,c). Portfolio effects and asynchrony differed as to their 
contributions on community stability. Increasing asynchrony explained 93% of variance on 
community stability compared to 23% of decreasing summed variances of species. Thus, it 
indicates that community stability was more responsive to asymmetry on species fluctuations 
than community productivity. Contrary to patterns found on other single trophic (Valone & 
Hoffman 2003, Isbell et al. 2009) and multitrophic systems (Jiang & Pu 2009), this absence of 
overyielding effects can be related to changes on biodiversity-productivity relationship caused 
by lack of predation (Duffy et al. 2007). It just was observed on empirical studies 
manipulating predation (Jiang et. al. 2009), but effects generalized for larger food webs until 
remained unclear (Worm & Duffy 2003, Duffy et al. 2007). Thus, our study contributes to 
point different responses of community productivity on freshwater ecosystems facing loss of 
main predators.  
Summed variances decreased with higher species richness and the scaling of mean 
and variance operates for average z value greater than 1 (Fig. 4c). Nonetheless, the decreasing 
of summed variances presented a non-linear pattern that contrasts with different distribution 
on empirical studies, since positive (Petchey et al. 2002), negative (Tilman et al. 2006) or 
even without any relationship (Valone & Hoffman 2003). Most of the studies explored 
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portfolio effects on single-trophic communities, which indicates this new pattern can be a 
representative pattern to multitrophic systems. However, lack of evidences on other larger 
food webs constrains our inferences. In general, our findings suggest that portfolio effects, 
althrough present, can become ever less important to community stability as the complexity of 
food web increases under higher diversity. 
Asynchrony did not respond to microbial diversity, but was affected by increase of 
mesopredator abundance. It suggests that trophic cascades can synchronize responses of lower 
trophic level species at predation. For instance, loss of top predator can release foraging areas 
to mesopredators and reduce potential spatial refuges for prey, exposed them to higher 
predator pressure. These higher predator pressure can promote a selection of predation-
resistant prey and consequently of species with more synchronous response patterns 
(Korpimäki et al. 2005; Vasseur & Fox 2009). Thus, higher homogeneous predation by 
mesopredators has potential to decrease range of species responses to other environmental 
conditions to inducing synchronic patterns on community species pool. Consequently, it can 
lead to decrease the occurrence of compensatory dynamics among species that can promote 
stability (Gonzalez & Loreau 2009). To our knowledge, this study is the first to highlight the 
role of top predators as a strong factor that promotes asynchronic responses of species, Given 
that asynchrony on previous studies is usually more related with environmental disturbances 
than biotic alterations (Gonzalez & Loreau 2009), our results revealed important contributions 
of trophic interactions on this mechanism, with direct consequences to food web stability. 
Our study found subtle effects of microbial diversity on microbial community 
density stability (Fig. S10d). It raises the debate about how diversity and stability related each 
other. While previous evidences defends diversity as a strong stabilizing factor (e.g. Tilman et 
al. 2006; Isbell et al. 2009), others indicate inexpressive effects on stability (e.g. Blüthgen et 
al. 2016, Ma et al. 2017). However, most part of studies focused on changing diversity of 
only one trophic level (generally plant communities) (Tilman et al. 2014). Our results suggest 
diversity-stability relationship becomes more complex than predictions commonly point when 
we consider multitrophic systems and what dimensions of diversity are manipulated. For 
instance, the depletion of top predators can promote greater events of secondary extinctions 
than loss of intermediate or lower trophic groups (Petchey et al. 2008; Donohue et al. 2017). 
As result, these alterations on vertical dimension of diversity (i.e across trophic levels) 
consequently affect several diversity-related processes (e.g. productivity or asynchrony) 
within each trophic level and repercute to entire food web stability (O’Gorman & Emmerson 
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2009; Haddad et al. 2011). Despite “horizontal diversity” influence stability as theory and 
empirical evidences suggest, we think to investigate multiple dimensions of diversity can 
bring new insights under how biodiversity-stability relationships operate for different food 
web configurations. 
 
Figure 5: Summarized representation of overall effects of warming and top predator loss on stabilizing 
mechanisms and their contribution for community stability. Only significant paths (p < 0.05 piecewise 
S.E.M.) and regressions results previously presented on results and supporting information are represented by 
blue and red arrows. Solid blue arrows represent significant positive relationships and solid red arrows indicate 
significant negative relationships between variables. 
Future climate changes and increasing loss of biodiversity constitute some threats 
to maintenance of ecosystem functions and their services to humanity (Walther 2010; Hooper 
et al. 2012) and understanding these threats under an integrated perspective is crucial. Our 
study demonstrates some consequences of altering climate patterns (i.e. warming) and trophic 
cascades (via top predator removal) to community stability. Microbial community stability 
54 
 
did not fully respond to warming effects, but the loss of top predators of the system affected 
stability in distinct ecological organization levels. Moreover, trophic cascades and warming 
also modify indirectly the strength of promoting-stability mechanisms by favoring 
mesopredator outbreak and decreasing microbial diversity.  Impact of trophic cascades may 
vary over time, especially under strong environmental or biotic disturbances (Piovia-Scott et 
al. 2017). New food web configurations (resulting of changes in biodiversity patterns) 
probably will display increasingly unpredictable responses at future environmental scenarios 
to next decades. Our findings reveal that cascading effects of trophic downgrading in 
community stability are broader than we thought, triggering destabilizing effects that 
reverberate in properties of different trophic levels until to repercute at food web level. 
Consequently, alterations on community stability can compromise food web structure and to 
modify fundamental relationships between diversity and ecosystem functioning (Duffy et al. 
2007; Tilman et al. 2014). It means we must consider carefully how trophic cascades can 
drive several fundamental mechanisms of maintenance of ecosystem stability in a changing 
world. 
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Appendix S1 - Study Site and Model System 
The experiment was carried out in a Restinga forest of Parque Estadual da Serra 
do Mar, Picinguaba center, located on the north coast in São Paulo state. The region is 
composed for a typical vegetation of Atlantic Rainforest and presents a wet tropical climate 
without dry season and an annual precipitation greater than 2200 milimeters (Sanchez et al. 
1999). The annual rainfall is well distributed and the temperature may vary since around the 
annual averages (21 at 22ºC) until maximum values between 35 and 40ºC. The Restinga 
comprises the sandy coastal plains formed by marine and continental material deposits and 
has a vegetative mosaic with different physiognomies and adaptations to intense salinity and 
solar radiation conditions (Araújo 1992, Rizzini 1997). Composed by herbs, shrubs and short 
trees that reach up to 15m tall, the Restinga vegetation also shelters a great diversity of 
epiphytes, especially orchids and bromeliads. Among the bromeliads group, some species 
shows a peculiar structure which forms water tanks. These tank-bromeliads have some 
important ecosystem roles like facilitation of establishment of other plant species (Rocha et al. 
2000) and amplify diversity by promoting resource for many terrestrial species  and  
communities sheltered in the water tanks (Kitching 2000; Gonçalves-Souza et al. 2010).  
We used the bromeliad Neoregelia johannis as system model for the experiment. 
This plant is a typical species of Brazilian southeast coast and includes large tank-bromeliads 
with leaves that can reach up to 1m long in shades areas and whose phytotelmata retains up to 
2.5 liters of water (Cogliatti-Carvalho et al. 2010). These phytotelmata is inhabited by a 
diverse community composed by macro and microorganisms and structured in a detritus-
based food web, supported mainly by alloctone resources falling from forest trees canopy (e.g 
dry leaves) and hosted predators that deposited carcasses and feces in the tanks (Kitching 
2000; Romero et al. 2006; Farjalla et al. 2016). The microorganisms are extremely diverse 
and composed mainly by bacteria, autotrophic and heterotrophic flagellates, ciliates, rotifers 
and other microfaunal groups (Carrias et al. 2001), which are crucial to many ecosystem 
functions on phytotelmata. Bacteria and fungi compose the main decomposing agents of 
detritus food-web, while some autotrophic flagellates and cyanobacteria sustain the primary 
productivity in the phytotelmata ecosystem (Brouard et al. 2011; Leroy et al. 2017). Both of 
them have great impact in nutrient cycling on bromeliad tanks and structure the basis of 
bromeliad food web (Brouard et al. 2012; Leroy et al. 2015), being the main preys of many 
species of ciliates and other microzooplancton taxa which present itself in a diverse set of 
functional feeding groups (e.g bacterivores, filter-feeders, saprophagous, suspension feeders, 
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predators, etc.). This microfaunal community is coupled to macrofaunal components via 
trophic links with filter-feeders (e.g mosquito larvae) and other detritivore 
macroinvertebrates, which in turn play an important role on nutrient cycling and maintenance 
of energy and matter flux on food web (Kneitel & Miller 2002; Romero & Srivastava 2010; 
Antiqueira et al. 2017). At higher trophic levels, we find the main top predators in tank 
bromeliads communities, composed mainly by many representants of taxa Anisoptera (e.g 
Coenagrionidae, Libellulidae), Coleoptera (e.g Dytiscidae, Hydrophiliidae, etc) and Diptera 
(e.g Tabanidae and few Culicidae species) (Kitching 2000). Among them, the damselflies are 
one the key predators by having a generalist diet and prey voraciously all the other 
macroinvertebrates. These predators adopt the “sit-and-wait” method as main predation 
strategy, but also have an active hunting behavior, being able to capture pelagic organisms. 
This plastic hunting behavior affects all the food web structure and reduce greatly the 
emergence of terrestrial adults while alter community dynamics (Fincke et al. 1997; 
Starzomski et al. 2010, Petermann et al. 2015). One of main damselflies taxa in bromeliads 
ecosystems are Leptagrion nymphs, an endemic genus of broad geographic distribution and 
high diversity (Costa et al. 2009), where Leptagrion andromache is one of the most common 
species in the Brazilian Southeast (Muzón et al. 2009).                  
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Appendix S2.  Measurement and decomposition of temporal stability 
In a community composed by N species with their respective mean temporal xi for 
an ecological property, the ST can be calculated by the ratio between the temporal average of 
an aggregate community property (i.e. x1 + x2,+ x3…+ xN) and the standard deviation of this 
aggregate property over time (Eq. A1). 
                                     100 (
 
  




)   (A1) 
  The standard deviation can be evaluated as the square root of variance of sum of 
variables used, in this case, the means of individual species that compose the community (Eq. 
A2).  
                                σT  √   (          )    (A2) 
Furthermore, by definition, the variance of sum (i.e. of community-level property) 
also can be partitioned in the sum of individual variances of constituent species plus the sum 
of covariances of all possible ordered pairs of species (Eq. A3).  
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                                                                                                              (A3) 
From this decomposition of temporal variability components, we can use each 
subcomponent of means, sum of individual variances and covariances as proxies of 
overyielding, statistical averaging and asynchrony/compensatory dynamics respectively 
(Tilman 1999; Lehman & Tilman 2000; Petchey et al. 2002; Romanuk et al. 2009). 
References 
Lehman, C. L., & Tilman, D. (2000). Biodiversity, stability, and productivity in competitive 
communities. The American Naturalist, 156(5), 534-552. 
Petchey, O. L., Casey, T., Jiang, L., McPhearson, P. T., & Price, J. (2002). Species richness, 




Romanuk, T. N., Vogt, R. J., & Kolasa, J. (2009). Ecological realism and mechanisms by 
which diversity begets stability. Oikos, 118(6), 819-828. 
Tilman, D. (1999). The ecological consequences of changes in biodiversity: a search for 
general principles 101. Ecology, 80(5), 1455-1474.  
72 
 
Appendix S3.  List of morphospecies in Neoregelia johannis phytotelmata community 
and their respective classification levels in trophic groups, functional feeding groupings 
and main foods. 
We determined the trophic groups (TG) from a consensus between the 
classification of functional feeding groupings (FFG) and main foods (MF) estimated and 
known by literature for each morphospecies. Poorly identified morphospecies have their FFG 
and MF determined by generalized estimative for main representatives belonging to the same 
taxonomic group. A= autotroph; BAC= bacteria/cyanobacteria; FLAG= heterotrophic 
flagellates; ALG= “algae” (mainly autotrophic flagellates); CIL= ciliates; TEC= Testate 
Amoebae; ROT= rotifers; DET= detrital particles.  
Morphospecies TG FFG  MF 
Amphipleura sp. Producer Producer A 
Aulacoseira ambigua (Grunow) 
Simonsen 
Producer Producer A 
Cocconeis sp. Producer Producer A 
Cyclotella sp. Producer Producer A 
Cymbella sp. Producer Producer A 
Eunotia sp. Producer Producer A 
Navicula sp. Producer Producer A 
Pennales sp.1 Producer Producer A 
Pennales  sp.2 Producer Producer A 
Ulnaria ulna (Nitzsch) Compère Producer Producer A 
Urosolenia eriensis (H. L. Smith) Round 
& Crawford 
Producer Producer A 
Apodochloris simplicissima (Korshikov) 
Komárek 
Producer Producer A 
Chlorophyceae sp.1 Producer Producer A 
Chlorophyceae sp.2 Producer Producer A 
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Chlorophyceae sp.3 Producer Producer A 
Chlorophyceae sp.4 Producer Producer A 
Chlorophyceae sp. 5 Producer Producer A 
Kirchneriella sp. Producer Producer A 
Monoraphidium contortum (Thuret) 
Komárková – Legnerová 
Producer Producer A 
Monoraphidium griffithii (Berkeley) 
Komárková – Legnerová 
Producer Producer A 
Monoraphidium minutum (Nägeli) 
Komárková - Legnerová. 
Producer Producer A 
Monoraphidium tortile (West & G.S. 
West) Komárková – Legnerová 
Producer Producer A 
Phycopeltis sp. Producer Producer A 
Volvocales sp.1 Producer Producer A 
Volvocales sp.2 Producer Producer A 
Chroomonas sp. Producer Producer A 
Cryptomonas sp.1 Producer Producer A 
Cryptomonas sp.2 Producer Producer A 
Cryptomonas sp.3 Producer Producer A 
cf. Chlamydomonas sp. Producer Producer A 
Aphanocapsa delicatissima West & 
G.S.West  
Producer Producer A 
Aphanocapsa sp. Producer Producer A 
Chroococcus minutus (Kützing) Nägeli  Producer Producer A 
Cyanobacteria sp.1  Producer Producer A 
Cyanobacteria sp.2 Producer Producer A 
Cyanobacteria sp.4 Producer Producer A 
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Cyanobacteria sp.5 Producer Producer A 
Cyanobacteria sp.6 Producer Producer A 
Cyanobacteria sp.7 Producer Producer A 
Cyanobacteria sp.8 Producer Producer A 
Cyanobacteria sp.9 Producer Producer A 
Cyanobacteria sp.11 Producer Producer A 
Cyanobacteria sp.12 Producer Producer A 
Cyanobacteria sp.13 Producer Producer A 
Cyanobacteria sp.14 Producer Producer A 
Cyanobacteria sp.15 Producer Producer A 
Cyanobacteria sp.16 Producer Producer A 
Cyanodiction  filiforme Producer Producer A 
Cyanodiction sp.1 Producer Producer A 
Cyanodyction sp.2 Producer Producer A 
Geitlerinema sp. Producer Producer A 
Lemmermaniella sp. Producer Producer A 
Lemmermanniela flexa Hindák Producer Producer A 
Merismopedia tenuissima Lemmermann Producer Producer A 
Microcystis sp. Producer Producer A 
Oscillatorialles sp. Producer Producer A 
cf. Eucapsis sp. Producer Producer A 
Synechocystis sp. Producer Producer A 
Peridinium sp. Producer Producer A 
Euglena acus (O.F.Müller) Ehrenberg Producer Producer A 
Euglena sp.1 Producer Producer A 
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Euglena sp.2 Producer Producer A 
Euglena sp.3 Producer Producer A 
Phacus sp.1 Producer Producer A 
Phacus sp.2 Producer Producer A 
Trachelomonas sp. Producer Producer A 
Trachelomonas volvocinopsis Swirenko Producer Producer A 
Oedogonium sp. Producer Producer A 
Raphidophyceae sp. Producer Producer A 
Cosmarium candianum Delponte Producer Producer A 
Staurastrum sp. Producer Producer A 
cf. Closterium sp. Producer Producer A 
Flagellata sp.1 Producer Producer A 
Flagellata sp.2 Producer Producer A 
Flagellata sp.3 Producer Producer A 
Flagellata sp.4 Producer Producer A 
Flagellata sp.5 Primary 
Consumer 
Bacterivore BAC 
Flagellata sp.6 Primary 
Consumer 
Bacterivore BAC 
Flagellata sp.7 Primary 
Consumer 
Bacterivore BAC 
Flagellata sp.8 Primary 
Consumer 
Bacterivore BAC 
Flagellata sp.10 Primary 
Consumer 
Bacterivore BAC 
Fungi sp.1 Primary 
Consumer 
Bacterivore/Detritivore BAC; DET 
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Fungi sp.2 Primary 
Consumer 
Bacterivore/Detritivore BAC; DET 
Fungi sp.3 Primary 
Consumer 
Bacterivore/Detritivore BAC; DET 
Halteria grandinella Primary 
consumer 
Bacterivore/Algivore BAC; ALG 
Oligotrichida sp. Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Cyclidium cf. C. glaucoma Primary 
consumer 
Bacterivore BAC 
Cyclidium cf. C. heptatricum Primary 
consumer 
Bacterivore BAC 
cf. Ctedoctema sp. Primary 
consumer 
Bacterivore BAC 
Scuticociliatida sp.1 Primary 
consumer 
Bacterivore BAC 
Scuticociliatida sp.2 Primary 
consumer 
Bacterivore BAC 
Scuticociliatida sp.3 Primary 
consumer 
Bacterivore BAC 
Scuticociliatida sp.4 Primary 
consumer 
Bacterivore BAC 
Hymenostomata sp.1 Secondary 
consumer 
Nonselective omnivores BAC; FLAG; DET 
Hymenostomata sp.2  Secondary 
consumer 
Nonselective omnivores BAC; FLAG; DET 
Peniculida sp.1 Secondary 
consumer 
Nonselective omnivores BAC; FLAG; DET 
Peniculida sp.2  Secondary 
consumer 
Nonselective omnivores BAC; FLAG; DET 




Vorticella sp.1 Primary 
consumer 
Bacterivore/Algivore BAC; ALG 
Vorticella sp.2 Primary 
consumer 
Bacterivore/Algivore BAC; ALG 
Peritrichia sp.1 Primary 
consumer 
Bacterivore/Algivore BAC; ALG 
Peritrichia sp.2 Primary 
consumer 
Bacterivore/Algivore BAC; ALG 
Peritrichia sp.3 Primary 
consumer 
Bacterivore/Algivore BAC; ALG 
cf. Bromeliothrix metopoides Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Colpoda cf. C. steinii Primary 
consumer 
Bacterivore BAC; DET 
Coleps sp. Secondary 
consumer 
Nonselective omnivores ALG; CIL; TEC 
Bursellopsis sp. Secondary 
consumer 
Nonselective omnivores ALG; CIL; TEC 
Urocentrum turbo Primary 
consumer 
Bacterivore/Algivore BAC; ALG 
Gymnostomatida sp.1 Secondary 
consumer 
Nonselective omnivores BAC; FLAG; DET 
Ciliophora sp.1 Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Arcella discoides Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Arcella cf. A. escavata Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Arcella cf. A. vulgaris penardii Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
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Arcella cf . A. rotundata alta Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Centropyxis aculeata Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Centropyxis cf. C. ecornis Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Centropyxis cf. C. aerophila Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Centropyxis cf. C. gibba Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Centropyxis sp.1 Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
Cyclopyxis sp. Primary 
consumer 
Bacterivore/Detritivore BAC; DET 
cf. Cryptodifflugia sp. Primary 
consumer 
Algivore ALG 
Difflugia cf. D. gramen Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Euglypha strigosa Secondary 
consumer 
Nonselective omnivores ALG; FLAG 
Euglypha cf. E. filifera Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Euglypha sp.1 Primary 
consumer 
Bacterivore BAC 
Euglypha sp.2 Primary 
consumer 
Bacterivore BAC 
cf. Euglypha sp.3 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Euglypha sp.4 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 




Corythion sp.1 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Corythion sp.2 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Trinema sp. Secondary 
consumer 
Nonselective omnivores BAC; TEC 
Assullina sp. Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Nebela sp. Secondary 
consumer 
Nonselective omnivores BAC; FLAG; CIL; 
TEC; DET 
Quadrulella cf. Q. tropica Secondary 
consumer 
Nonselective omnivores BAC; FLAG; DET 
Naked amoebae sp.1 Primary 
consumer 
Bacterivore BAC 
Naked amoebae sp.2 Primary 
consumer 
Bacterivore BAC 
Naked amoebae sp.3 Primary 
consumer 
Bacterivore BAC 
Naked amoebae sp.4 Primary 
consumer 
Bacterivore BAC 
Bdelloidea sp.1 Secondary 
consumer 
Nonselective omnivores ALG; FLAG 
Bdelloidea sp.2 Secondary 
consumer 
Nonselective omnivores ALG; FLAG 
Bdelloidea sp.3 Secondary 
consumer 
Nonselective omnivores ALG; FLAG 
Bdelloidea sp.4 Secondary 
consumer 
Nonselective omnivores ALG; FLAG 
Bdelloidea sp.6 Secondary 
consumer 
Nonselective omnivores ALG; FLAG 
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Colurella sp.1 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
cf Colurella sp.2 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Lecane cornuta Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Lecane bulla Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Lecane lunares Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Lecane sp.1 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Lecane sp.2 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Lepadella sp.1 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Lepadella sp.2 Secondary 
consumer 
Nonselective omnivores BAC; FLAG 
Trichocerca sp. Secondary 
consumer 
Predator CIL; TEC 
cf Cephalodella sp. Secondary 
consumer 
Predator CIL; TEC 
cf Brachionidae sp. Secondary 
consumer 
Nonselective omnivores ALG; FLAG; CIL 
Copepoda sp.1 Secondary 
consumer 
Predator ALG; CIL; TEC; ROT 
Chaetonotus cf. C. furcatus Secondary 
consumer 
Nonselective omnivores BAC; FLAG; DET 
Specialized bibliography to classification: FFG: Kitching 2000; Lee et al. 2000; Pratt & Cairns 1985, Reynolds 
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Table S1. Model selection by corrected Akaike information criterion (AICc) performed 
to reduce non-significant effects of endogenous and exogenous variables on temporal 
stability of density. We included all steps of the model selection and the set of variables 
removed from the full model in each step. Selected models were those that obtained the 
lowest AICc values and were considered significantly different for ΔAICc > 2. Selected 
models among different endogenous/exogenous interaction types are showed on bold. Model 
fit was evaluated using Fisher’s C statistic and its associated P-value for each model (p>0.05 
indicate adequate model fit). Experimental drivers: Warm= warming effect, Pred= top 
predator loss. Mesopredator attribute: MA= mesopredator abundance, MR= mesopredator 
richness. Full community-level model: Com ~ MA+ MR + Warm + Pred + (Warm:Pred or 
Warm:MA or Warm:MR) with Com= community-level response variable. Full trophic level 
model: Prod ~ Pri +Sec + (MA or MR) + Warm + Pred + (Warm:MA or Warm:MR) with 
Prod = producer response variable, Pri= 1
st
 consumer response variable and Sec= 2
nd
 






from the full model 






Warm:Pred - full 
model 
 133.45 91.56 0.12 0.940 
 1 Warm:Pred 89.8 47.91 4.8 0.789 
 Final MR + Warm:Pred 41.89 0 5.22 0.734 
       
 Warm:MA - full 
model 
 100.79 70.78 2.61 0.624 
 1 Warm:MA 89.27 59.16 4.27 0.640 
 2 MR + Warm:MA 39.17 9.06 2.5 0.869 
 Final MR + Warm + 
Warm:MA 
30.11 0 3.11 0.795 
       
 Warm:MR - full 
model 
 98.8 67.79 0.62 0.961 
 1 Warm:MR 85.89 54.88 0.89 0.989 
 2 MR + Warm:MR 50.74 19.73 14.07 0.080 
 Final MR + Warm + 
Warm:MR 
31.01 0 4.01 0.947 
       
Detritivores Warm:Pred - full 
model 
 135.39 96.76 2.06 0.357 
 1 Warm:Pred 94.26 55.63 9.26 0.321 
 2 MA + Warm:Pred 45.10 6.47 8.43 0.392 
 Final MA + Warm + 
Warm:Pred 
38.63 0 11.63 0.311 
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 Warm:MA - full 
model 
 102.44 64.01 4.26 0.371 
 1 Warm:MA 93.67 55.24 8.67 0.193 
 2 MA + Warm:MA 43.61 5.18 6.94 0.543 
 Final MA + Warm + 
Warm:MA 
38.43 0 11.43 0.325 
       
 Warm:MR - full 
model 
 102.36 71.30 4.18 0.383 
 1 Warm:MR 89.19 58.13 4.19 0.652 
 2 MA + Warm:MR 40.20 9.14 4.25 0.643 
 Final MA + Warm + 
Warm:MR 
31.06 0 4.06 0.668 




Warm:MA - full 
model 
 526.41 397.57 6.41 0.379 
 1 Warm:MA 246.5 117.66 16.5 0.169 
 Final Warm + 
Warm:MA 
128.84 0 14.84 0.250 
       
 Warm:MR - full 
model 
 523.72 395.04 3.72 0.714 
 1 Warm:MR 244.68 116 14.68 0.259 
 Final Warm + 
Warm:MR 
128.68 0 14.68 0.259 
       
Detritivores Warm:MA - full 
model 
 526.31 394.79 6.31 0.390 
 1 Warm:MA 247.78 116.26 17.78 0.123 
 Final Warm + 
Warm:MA 
131.52 0 17.52 0.229 
       
 Warm:MR - full 
model 
 527.35 401.16 7.35 0.290 
 1 Warm:MR 249.00 122.81 19.00 0.089 
 Final Warm + 
Warm:MR 




Table S2. Model selection by corrected Akaike information criterion (AICc) performed 
to reduce non-significant effects of endogenous and exogenous variables on temporal 
average richness. We included all steps of the model selection and the set of variables 
removed from the full model in each step. Selected models were those that obtained the 
lowest AICc values and were considered significantly different for ΔAICc > 2. Selected 
models among different endogenous/exogenous interaction types are showed on bold. Model 
fit was evaluated using Fisher’s C statistic and its associated P-value for each model (p>0.05 
indicate adequate model fit). Experimental drivers: Warm= warming effect, Pred= top 
predator loss. Mesopredator attribute: MA= mesopredator abundance, MR= mesopredator 
richness. Full community-level model: Com ~ MA+ MR + Warm + Pred + (Warm:Pred or 
Warm:MA or Warm:MR) with Com= community-level response variable. Full trophic level 
model: Prod ~ Pri +Sec + (MA or MR) + Warm + Pred + (Warm:MA or Warm:MR) with 
Prod = producer response variable, Pri= 1
st
 consumer response variable and Sec= 2
nd
 






from the full model 






Warm:Pred - full 
model 
 133.45 95.66 0.12 0.940 
 1 Warm:Pred 85.64 47.85 0.64 1.000 
 Final MR + 
Warm:Pred 
37.79 0 1.12 0.997 
       
 Warm:MA - full 
model 
 100.79 61.67 2.61 0.624 
 1 Warm:MA 88.29 49.17 3.29 0.915 
 Final MR + Warm:MA 39.12 0 2.45 0.964 
       
 Warm:MR - full 
model 
 98.8 60.68 0.62 0.961 
 1 Warm:MR 86.71 48.59 1.71 0.989 
 Final MR + Warm:MR 38.12 0 1.45 0.963 
       
Detritivores Warm:Pred - full 
model 
 135.39 93.32 2.06 0.357 
 1 Warm:Pred 91.11 49.04 6.11 0.634 
 Final MA + 
Warm:Pred 
42.07 0 5.40 0.714 
       
       
 Warm:MA - full 
model 
 102.44 53.47 4.26 0.371 
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 1 Warm:MA 94.62 45.65 9.62 0.142 
 Final MA + Warm:MA 48.97 0 12.03 0.061 
       
 Warm:MR - full 
model 
 102.36 62.00 4.18 0.383 
 1 Warm:MR 89.24 48.88 4.24 0.644 
 Final MA + Warm:MR 40.36 0 3.69 0.718 




Warm:MA - full 
model 
 534.26 0 14.26 0.027 
 Final  534.26 0 14.26 0.027 
       
 Warm:MR - full 
model 
 524.53 386.89 4.53 0.605 
 1 Warm:MR 252.97 115.33 22.97 0.192 
 Final Warm + 
Warm:MR 
137.64 0 23.64 0.167 
       
Detritivores Warm:MA - full 
model 
 526.87 386.96 6.87 0.333 
 1 Warm:MA 259.54 119.63 29.54 0.003 
 Final Warm + 
Warm:MA 
139.91 0 25.91 0.027 
       
 Warm:MR - full 
model 
 525.02 386.58 5.02 0.541 
 1 Warm:MR 253.59 115.15 23.59 0.023 
 Final Warm + 
Warm:MR 





Table S3. Model selection by corrected Akaike information criterion (AICc) performed 
to reduce non-significant effects of endogenous and exogenous variables on temporal 
average density. We included all steps of the model selection and the set of variables 
removed from the full model in each step. Selected models were those that obtained the 
lowest AICc values and were considered significantly different for ΔAICc > 2. Selected 
models among different endogenous/exogenous interaction types are showed on bold. Model 
fit was evaluated using Fisher’s C statistic and its associated P-value for each model (p>0.05 
indicate adequate model fit). Experimental drivers: Warm= warming effect, Pred= top 
predator loss. Mesopredator attribute: MA= mesopredator abundance, MR= mesopredator 
richness. Full community-level model: Com ~ MA+ MR + Warm + Pred + (Warm:Pred or 
Warm:MA or Warm:MR) with Com= community-level response variable. Full trophic level 
model: Prod ~ Pri +Sec + (MA or MR) + Warm + Pred + (Warm:MA or Warm:MR) with 
Prod = producer response variable, Pri= 1
st
 consumer response variable and Sec= 2
nd
 






from the full model 






Warm:Pred - full 
model 
 133.45 98.67 0.12 0.940 
 1 Warm:Pred 85.9 51.12 0.9 0.999 
 2 MA + Warm:Pred 40.37 5.59 3.7 0.883 
 Final MA + Warm + 
Warm:Pred 
34.78 0 7.78 0.455 
       
 Warm:MA - full 
model 
 100.79 50.81 2.61 0.624 
 Final MR 49.98 0 7.63 0.106 
       
 Warm:MR - full 
model 
 98.8 67.59 0.62 0.961 
 1 Warm:MR 87.35 56.14 2.35 0.885 
 2 MA + Warm:MR 40.57 9.36 3.9 0.691 
 Final MA + Warm + 
Warm:MR 
31.21 0 4.21 0.648 
       
Detritivores Warm:Pred - full 
model 
 135.39 99.80 2.06 0.357 
 1 Warm:Pred 91.18 55.59 6.18 0.627 
 2 MA + Warm:Pred 45.21 9.62 8.54 0.382 
 Final MA + Warm + 
Warm:Pred 
35.59 0 8.59 0.571 
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 Warm:MA - full 
model 
 102.44 67.77 4.26 0.371 
 1 Warm:MA 89.84 55.17 4.84 0.565 
 2 MA + Warm:MA 44.22 9.55 7.55 0.109 
 Final MA + Warm + 
Warm:MA 
34.67 0 7.67 0.661 
       
 Warm:MR - full 
model 
 102.36 66.36 4.18 0.383 
 1 Warm:MR 89.39 53.39 4.39 0.624 
 2 MA + Warm:MR 45.86 9.86 9.19 0.163 
 Final MA + Warm + 
Warm:MR 
36.00 0 9.00 0.173 




Warm:MA - full 
model 
 533.55 389.93 13.55 0.035 
 1 Warm:MA 258.77 115.15 28.77 0.051 
 Final Warm + 
Warm:MA 
143.62 0 29.62 0.041 
       
 Warm:MR - full 
model 
 522.75 393.21 2.75 0.839 
 1 Warm:MR 245.58 116.04 15.58 0.622 
 Final Warm + 
Warm:MR 
129.54 0 15.54 0.624 
       
Detritivores Warm:MA - full 
model 
 522.65 386.46 2.65 0.851 
 1 Warm:MA 247.80 111.61 17.80 0.122 
 Final Warm + 
Warm:MA 
136.19 0 22.19 0.075 
       
 Warm:MR - full 
model 
 522.38 383.97 2.38 0.882 
 1 Warm:MR 244.75 106.34 14.75 0.255 
 Final Warm + 
Warm:MR 





Table S4. Model selection by corrected Akaike information criterion (AICc) performed 
to reduce non-significant effects of endogenous and exogenous variables on summed 
variances of species. We included all steps of the model selection and the set of variables 
removed from the full model in each step. Selected models were those that obtained the 
lowest AICc values and were considered significantly different for ΔAICc > 2. Selected 
models among different endogenous/exogenous interaction types are showed on bold. Model 
fit was evaluated using Fisher’s C statistic and its associated P-value for each model (p>0.05 
indicate adequate model fit). Experimental drivers: Warm= warming effect, Pred= top 
predator loss. Mesopredator attribute: MA= mesopredator abundance, MR= mesopredator 
richness. Full community-level model: Com ~ MA+ MR + Warm + Pred + (Warm:Pred or 
Warm:MA or Warm:MR) with Com= community-level response variable. Full trophic level 
model: Prod ~ Pri +Sec + (MA or MR) + Warm + Pred + (Warm:MA or Warm:MR) with 
Prod = producer response variable, Pri= 1
st
 consumer response variable and Sec= 2
nd
 






from the full model 






Warm:Pred - full 
model 
 133.45 100.47 0.12 0.940 
 1 Warm:Pred 86.55 53.57 1.55 0.992 
 2 MR + Warm:Pred 42.43 9.45 5.76 0.674 
 Final MR + Warm + 
Warm:Pred 
32.98 0 5.98 0.649 
       
 Warm:MA - full 
model 
 100.79 50.15 2.61 0.624 
 Final MR 50.64 0 8.29 0.082 
       
 Warm:MR - full 
model 
 98.8 66.29 0.62 0.961 
 1 Warm:MR 90.77 58.26 5.77 0.673 
 2 MR + Warm:MR 42.18 9.67 5.51 0.480 
 Final MR + Warm + 
Warm:MR 
32.51 0 5.51 0.480 
       
Detritivores Warm:Pred - full 
model 
 135.39 100.62 2.06 0.357 
 1 Warm:Pred 91.63 56.86 6.63 0.557 
 2 MA + Warm:Pred 43.96 9.19 7.29 0.506 
 Final MA + Warm + 
Warm:Pred 
34.77 0 7.77 0.651 
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 Warm:MA - full 
model 
 102.44 69.21 4.26 0.371 
 1 Warm:MA 89.84 56.61 4.84 0.565 
 2 MA + Warm:MA 42.54 9.31 5.87 0.661 
 Final MA + Warm + 
Warm:MA 
33.23 0 6.23 0.795 
       
 Warm:MR - full 
model 
 102.36 68.53 4.18 0.383 
 1 Warm:MR 89.20 55.37 4.20 0.649 
 2 MA + Warm:MR 43.69 9.86 7.02 0.319 
 Final MA + Warm + 
Warm:MR 
33.83 0 6.83 0.337 




Warm:MA - full 
model 
 531.01 0 11.01 0.088 
 Final  531.01 0 11.01 0.088 
       
 Warm:MR - full 
model 
 523.4 396.59 3.4 0.757 
 1 Warm:MR 242.4 115.59 12.4 0.826 
 Final Warm + 
Warm:MR 
126.81 0 12.81 0.803 
       
Detritivores Warm:MA - full 
model 
 523.28 391.74 3.28 0.773 
 1 Warm:MA 241.42 109.88 11.42 0.494 
 Final Warm + 
Warm:MA 
131.54 0 17.54 0.228 
       
 Warm:MR - full 
model 
 522.93 392.14 2.93 0.818 
 1 Warm:MR 239.49 108.70 9.49 0.660 
 Final Warm + 
Warm:MR 





Table S5. Model selection by corrected Akaike information criterion (AICc) performed 
to reduce non-significant effects of endogenous and exogenous variables on species 
asynchrony. We included all steps of the model selection and the set of variables removed 
from the full model in each step. Selected models were those that obtained the lowest AICc 
values and were considered significantly different for ΔAICc > 2. Selected models among 
different endogenous/exogenous interaction types are showed on bold. Model fit was 
evaluated using Fisher’s C statistic and its associated P-value for each model (p>0.05 indicate 
adequate model fit). Experimental drivers: Warm= warming effect, Pred= top predator loss. 
Mesopredator attribute: MA= mesopredator abundance, MR= mesopredator richness. Full 
community-level model: Com ~ MA+ MR + Warm + Pred + (Warm:Pred or Warm:MA or 
Warm:MR) with Com= community-level response variable. Full trophic level model: Prod ~ 
Pri +Sec + (MA or MR) + Warm + Pred + (Warm:MA or Warm:MR) with Prod = producer 
response variable, Pri= 1
st
 consumer response variable and Sec= 2
nd
 consumer response 






from the full model 






Warm:Pred - full 
model 
 133.45 98.31 0.12 0.940 
 1 Warm:Pred 89.23 54.09 4.23 0.836 
 2 MR + Warm:Pred 41.66 6.52 4.99 0.759 
 Final MR + Warm + 
Warm:Pred 
35.14 0 8.14 0.420 
       
 Warm:MA - full 
model 
 100.79 59.88 2.61 0.624 
 1 Warm:MA 88.65 47.74 3.65 0.887 
 2 MR + Warm:MA 49.63 8.72 12.96 0.113 
 Final MR + Warm + 
Warm:MA 
40.91 0 13.91 0.084 
       
 Warm:MR - full 
model 
 98.8 70.62 0.62 0.961 
 1 Warm:MR 86.44 58.26 1.44 0.994 
 2 MR + Warm:MR 37.85 9.67 1.18 0.978 
 Final MR + Warm + 
Warm:MR 
28.18 0 1.18 0.978 
       
Detritivores Warm:Pred - full 
model 
 135.39 98.43 2.06 0.357 
 1 Warm:Pred 93.50 56.54 8.50 0.387 
 2 MA + Warm:Pred 43.87 6.91 7.20 0.516 
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 Final MA + Warm + 
Warm:Pred 
36.96 0 9.96 0.444 
       
 Warm:MA - full 
model 
 102.44 68.44 4.26 0.371 
 1 Warm:MA 91.07 57.07 6.07 0.416 
 2 MA + Warm:MA 40.80 6.80 4.13 0.845 
 Final MA + Warm + 
Warm:MA 
34.00 0 7.00 0.725 
       
 Warm:MR - full 
model 
 102.36 71.68 4.18 0.383 
 1 Warm:MR 89.59 58.91 4.59 0.597 
 2 MA + Warm:MR 40.54 9.86 3.87 0.694 
 Final MA + Warm + 
Warm:MR 
30.68 0 3.68 0.720 




Warm:MA - full 
model 
 523 385.06 3 0.809 
 1 Warm:MA 253.16 115.22 23.16 0.184 
 Final Warm + 
Warm:MA 
137.94 0 23.94 0.157 
       
 Warm:MR - full 
model 
 526.08 392.59 6.08 0.415 
 1 Warm:MR 249.39 115.9 19.39 0.368 
 Final Warm + 
Warm:MR 
133.49 0 19.49 0.362 
       
Detritivores Warm:MA - full 
model 
 525.91 398.41 5.91 0.433 
 1 Warm:MA 246.66 119.16 16.66 0.163 
 Final Warm + 
Warm:MA 
127.5 0 13.50 0.488 
       
 Warm:MR - full 
model 
 524.33 398.14 4.33 0.632 
 1 Warm:MR 244.21 118.02 14.21 0.287 
 Final Warm + 
Warm:MR 





Table S6. Model selection by corrected Akaike information criterion (AICc) performed 
to reduce non-significant effects of experimental drivers on mechanisms that promote 
overyielding. We included all steps of the model selection and the set of variables removed 
from the full model in each step. Selected models were those that obtained the lowest AICc 
values and were considered significantly different for ΔAICc > 2. Experimental treatments: 
Warm=warming effect, Pred=top predator loss. Overyielding models: ASR = average species 
richness, ACD = average community density, CDSd = community density standard deviation. 
Overyielding full models: (A) ACD ~ ASR*Warm*Pred; (B) CDSd = ACD*Warm*Pred. 
ΔAICc   Final AICc-previous step AICc. 
Model selection steps Variables removed from the full model AICc ΔAICc 
    
(A) - full model  25.30 16.36 
1 ASR:Warm:Pred 21.30 12.36 
2 ASR:Warm + ASR:Warm:Pred 18.81 9.87 
3 ASR:Warm + Warm:Pred + 
ASR:Warm:Pred 
15.61 6.67 
4 ASR:Warm + ASR:Pred + Warm:Pred + 
ASR:Warm:Pred 
13.12 4.18 
5 Pred + ASR:Warm + ASR:Pred + 
Warm:Pred + ASR:Warm:Pred 
10.29 1.35 
6 Warm + Pred + ASR:Warm + ASR:Pred 
+ Warm:Pred + ASR:Warm:Pred 
9.34 0.4 
Final ASR + Warm + Pred + ASR:Warm + 
ASR:Pred + Warm:Pred + 
ASR:Warm:Pred 
8.94 0 
    
(B) - full model  -1.22 14.67 
1 ACD:Warm:Pred -5.20 10.69 
2 ACD:Pred + ACD:Warm:Pred -8.48 7.41 
3 ACD:Pred + Warm:Pred + 
ACD:Warm:Pred 
-10.41 5.48 
4 ACD:Warm + ACD:Pred + Warm:Pred + 
ACD:Warm:Pred 
-13.02 2.87 
Final Warm + ACD:Warm + ACD:Pred + 






Table S7. Comparison between linear and polynomial models for the relation between 
average species richness and summed variances by corrected Akaike information 
criterion (AICc). Experimental treatments: Warm=warming effect, Pred=top predator loss. 
Statistical significant results are showed in bold. 
Outcome variables Predictive variables P F R² AICc 
Summed variances Average species 
richness 
0.957 0.00 <0.001 68.62 
      
Summed variances Average species 
richness 
0.022 2.97 0.12 65.35 
 (Average species 
richness)² 
0.022    
      
Summed variances Average species 
richness 
0.015 3.29 0.19 64.55 
 (Average species 
richness)² 
0.012    
 Warming 0.076    
      
Summed variances Average species 
richness 
0.015 2.43 0.16 67.50 
 (Average species 
richness)² 
0.013    
 Warming 0.103    




Table S8. Model selection by corrected Akaike information criterion (AICc) performed 
to reduce non-significant effects of experimental drivers on mechanisms that promote 
statistical averaging. We included all steps of the model selection and the set of variables 
removed from the full model in each step. Selected models were those that obtained the 
lowest AICc values and were considered significantly different for ΔAICc > 2. Experimental 
treatments: Warm=warming effect, Pred=top predator loss. Statistical averaging: APD = 
average population density, PDV = population density variance, SV = summed variances, 
ASR = average species richness. Statistical averaging full models: (A) log10(PDV+1) = 
log10(APD+1)*Warm*Pred; (B) SV = ASR*Warm*Pred+(ASR)². ΔAICc   Final AICc-
previous step AICc. 
Model selection steps Variables removed from the full model AICc ΔAICc 
    
(A) - full model  -6520.82 1.67 
1 APD:Warm:Pred -6520.91 1.58 
Final Warm:Pred + APD:Warm:Pred -6522.49 0 
    
(B) - full model  80.06 15.51 
1 ASR:Warm:Pred 75.55 11.00 
2 ASR:Warm + ASR:Warm:Pred 71.85 7.30 
3 ASR:Warm + Warm:Pred + 
ASR:Warm:Pred 
68.36 3.81 
4 ASR:Warm + ASR:Pred + Warm:Pred + 
ASR:Warm:Pred 
67.50 2.95 
Final Pred + ASR:Warm + ASR:Pred + 





Table S9. Model selection by corrected Akaike information criterion (AICc) performed 
to reduce non-significant effects of experimental drivers on mechanisms that promote 
asynchrony/compensatory dynamics. We included all steps of the model selection and the 
set of variables removed from the full model in each step. Selected models were those that 
obtained the lowest AICc values and were considered significantly different for ΔAICc > 2. 
Experimental treatments: Warm=warming effect, Pred=top predator loss. 
Asynchrony/compensatory dynamics: SC = summed covariances, Asyn = community 
asynchrony, ASR= average species richness. Asynchrony/compensatory dynamics full 
models: (A) SC = ASR*Warm*Pred; (B) Asyn = ASR*Warm*Pred. ΔAICc   Final AICc-
previous step AICc. 
Model selection steps Variables removed from the full model AICc ΔAICc 
    
(A) - full model  1208.42 20.18 
1 ASR:Warm:Pred 1204.61 16.37 
2 ASR:Pred + ASR:Warm:Pred 1200.86 12.62 
3 ASR:Warm + ASR:Pred + 
ASR:Warm:Pred 
1197.45 9.21 
4 ASR:Warm + ASR:Pred + Warm:Pred + 
ASR:Warm:Pred 
1195.12 6.88 
5 Pred + ASR:Warm + ASR:Pred + 
Warm:Pred + ASR:Warm:Pred 
1192.27 4.03 
6 ASR + Pred + ASR:Warm + ASR:Pred + 
Warm:Pred + ASR:Warm:Pred 
1189.80 1.56 
Final ASR + Warm + Pred + ASR:Warm + 
ASR:Pred + Warm:Pred + 
ASR:Warm:Pred 
1188.24 0 
    
(B)- full model  5.10 6.78 
1 ASR:Warm:Pred 1.38 3.72 




Table S10. Results of analysis of variance (ANOVA) and covariance (ANCOVA) for 
effects of top predator loss and warming on diversity-related stabilizing mechanisms. 
Only final models selected previously are shown. Factors are represented in italics. 
Statistically significant responses are shown in bold. Variables and values in parenthesis are 
results belonging to unselected models with variables that compose the central predictions of 
the mechanisms and with statistically non-significant effects. ASR= Average species richness; 
APD= Average populational density  
Outcome variables Predictive variables df MS F P 
Average density       
 (ASR) (1) (0.136) (2.01) (0.168) 
 Residual 29(28) 0.070 (0.068)   
Average density standard 
deviation 
     
 Predator (absent/present) 1 0.073 2.62 0.117 
 Average density 1 2.925 105.16 < 0.001 
 Residual 27 0.028   
Log10(APD variance)      
 Log10(APD) 1 12569.6 8.75e
5
 < 0.001 
 Predator (absent/present) 1 0.0 2.67 0.102 
 Warming 1 0.0 4.65e
-1
 0.495 
 APD x Predator 1 0.1 4.60 0.032 
 APD x Warming  1 0.1 4.28 0.038 
 Residual 4644 0.014   
Summed variances      
 ASR 1 2.613 6.82 0.015 
 [ASR]² 1 2.801 7.31 0.012 
 Warming 1 1.306 3.41 0.076 
 Residual 26 0.383   
Summed covariances      
 (ASR) (1) (4.43e
15
) (0.52) (0.475) 







Community asynchrony      
 ASR 1 0.034 0.94 0.341 
 Predator (absent/present) 1 0.058 1.58 0.220 
 Warming 1 0.042 1.14 0.296 
 ASR x Warming 1 0.124 3.38 0.078 
 Predator x Warming  1 0.121 3.31 0.081 





Figure S1: Conceptual framework of path structure of piecewiseSEM used to 
evaluate the effects of warming and top predator loss on community stability. Interactive 
effects of warming and trophic components (top predator or mesopredator) were established 
in separated paths to keep an adequate model fitting. (a) Effect of interaction between 
experimental drivers on community-level responses; (b) Effect of interaction between 
between mesopredator (Culicidae or detritivores) attributes and warming on community-level 
responses and (c) Effect of interaction between between mesopredator (Culicidae or 
detritivores) attributes and warming on different trophic level responses. Arrows indicate the 





Figure S2: Structural equation models of warming and top predator loss effects on 
Culicidae attributes and on temporal average density. Paths represent final models of 
direct effects of experimental drivers on average density at: (a) trophic levels, mediated by 
Culicidae richness; and (b) aggregate community level, mediated by Culicidae richness. Solid 
black arrows represent significant positive paths and solid red arrows represent significant 
negative effects (p < 0.05 piecewise S.E.M.). Light grey arrows represent non-significant 
paths (p > 0.05 piecewise S.E.M.). The thickness of the significant paths represents the 
magnitude of the standardized regression coefficient (β) or effect sizes, given on the arrows. 




Figure S3: Structural equation models of warming and top predator loss effects on 
Culicidae attributes and on summed variances. Paths represent final models of direct 
effects of experimental drivers on summed variances at: (a) trophic levels, mediated by 
Culicidae richness; and (b) aggregate community level, mediated by Culicidae abundance. 
Solid black arrows represent significant positive paths and solid red arrows represent 
significant negative effects (p < 0.05 piecewise S.E.M.). Light grey arrows represent non-
significant paths (p > 0.05 piecewise S.E.M.). The thickness of the significant paths represents 
the magnitude of the standardized regression coefficient (β) or effect sizes, given on the 




Figure S4: Structural equation models of warming and top predator loss effects on 
Culicidae attributes and on asynchrony index. Paths represent final models of direct effects 
of experimental drivers on species asynchrony at: (a) trophic levels, mediated by Culicidae 
richness; and (b) aggregate community level, mediated by Culicidae abundance. Solid black 
arrows represent significant positive paths and solid red arrows represent significant negative 
effects (p < 0.05 piecewise S.E.M.). Light grey arrows represent non-significant paths (p > 
0.05 piecewise S.E.M.). The thickness of the significant paths represents the magnitude of the 
standardized regression coefficient (β) or effect sizes, given on the arrows. Marginal R²s for 





Figure S5: Structural equation models of warming and top predator loss effects on 
detritivore attributes and on temporal stability of density. Paths represent final models of 
direct effects of experimental drivers on temporal stability at: (a) trophic levels and (b) 
aggregate community level, mediated by detritivore richness. Solid black arrows represent 
significant positive paths and solid red arrows represent significant negative effects (p < 0.05 
piecewise S.E.M.). Light grey arrows represent non-significant paths (p > 0.05 piecewise 
S.E.M.). The thickness of the significant paths represents the magnitude of the standardized 
regression coefficient (β) or effect sizes, given on the arrows. Marginal R²s for component 




Figure S6: Structural equation models of warming and top predator loss effects on 
detritivore attributes and on temporal average richness. Paths represent final models of 
direct effects of experimental drivers on average richness at (a) trophic levels, mediated by 
detritivore abundance; (b) trophic levels, mediated by detritivore richness; and (c) aggregate 
community level, mediated by detritivore richness. Solid black arrows represent significant 
positive paths and solid red arrows represent significant negative effects (p < 0.05 piecewise 
S.E.M.). Light grey arrows represent non-significant paths (p > 0.05 piecewise S.E.M.). The 
thickness of the significant paths represents the magnitude of the standardized regression 
coefficient (β) or effect sizes, given on the arrows. Marginal R²s for component models are 






Figure S7: Structural equation models of warming and top predator loss effects on 
detritivore attributes and on temporal average density. Paths represent final models of 
direct effects of experimental drivers on average density at: (a) trophic levels, mediated by 
detritivore abundance; and (b) aggregate community level, mediated by detritivore richness. 
Solid black arrows represent significant positive paths and solid red arrows represent 
significant negative effects (p < 0.05 piecewise S.E.M.). Light grey arrows represent non-
significant paths (p > 0.05 piecewise S.E.M.). The thickness of the significant paths represents 
the magnitude of the standardized regression coefficient (β) or effect sizes, given on the 





Figure S8: Structural equation models of warming and top predator loss effects on 
detritivore attributes and on summed variances. Paths represent final models of direct 
effects of experimental drivers on summed variances at: (a) trophic levels, mediated by 
detritivore abundance; (b) trophic levels, mediated by detritivore richness; and (c) aggregate 
community level, mediated by detritivore richness. Solid black arrows represent significant 
positive paths and solid red arrows represent significant negative effects (p < 0.05 piecewise 
S.E.M.). Light grey arrows represent non-significant paths (p > 0.05 piecewise S.E.M.). The 
thickness of the significant paths represents the magnitude of the standardized regression 
coefficient (β) or effect sizes, given on the arrows. Marginal R²s for component models are 





Figure S9: Structural equation models of warming and top predator loss effects on 
detritivore attributes and on asynchrony index. Paths represent final models of direct 
effects of experimental drivers on species asynchrony at: (a) trophic levels, mediated by 
detritivore abundance; (b) trophic levels, mediated by detritivore richness; and (c) aggregate 
community level, mediated by detritivore richness. Solid black arrows represent significant 
positive paths and solid red arrows represent significant negative effects (p < 0.05 piecewise 
S.E.M.). Light grey arrows represent non-significant paths (p > 0.05 piecewise S.E.M.). The 
thickness of the significant paths represents the magnitude of the standardized regression 
coefficient (β) or effect sizes, given on the arrows. Marginal R²s for component models are 





Figure S10: Contribution of diversity-related mechanisms to community stability. 
Significant regression lines are shown in red, with shaded area representing 95% confidence 
interval. (a) Average density and overyielding effects: non-significant relationship between 
average density and community stability. (b) Summed variances and statistical averaging: 
Negative relationship between summed variances and community stability. (c) Asynchrony: A 
non-linear positive relationship between community stability and community asynchrony. (d) 
Species richness: the predicted stabilizing effect of species richness on community stability 
was not found. Y axes are log10-scaled with untransformed values. X axes of (a) and (b) are 




Figure S11: Relationship among trophic level stability components and community-level 
stability. Significant regression lines are showed with solid lines, with shaded area 
representing 95% confidence interval. Producer, primary consumer and secondary consumer 
stability components are represented by green, light blue and purple points and lines, 
respectively. Producer stability showed statistically significant effect to community stability 
(estimate = 1.017; F1,28 = 304.1, p < 0.001; R² = 0.91), but there was not a relationship 
between community stability and temporal stability of primary consumer or secondary 
consumer. X and Y axes are represented in log10-scaled with untransformed values. 
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